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The scientific section of this report presents results of the anal- 
ysis of the IMP-8 data, which was collected during the first six and 
one-half years after launch of the IMP-8 spacecraft* Essentially, all 
of the plasma wave experiment data has been processed and is available 
in an accessible summary form* These data continue to provide a 

valuable source for comparative studies with plasma wave experiments on 
other spacecraft operating in the solar wind and within the Earth's mag- 
netosphere (S 3 -A, IMP-6 , Helios-A and -B, ISEE-1 and -2, Havkeye)* In 
addition, reduced data has been submitted to the National Space Science 
Data Center, and this data is presently being used for additional 
research beyond, that performed by the plasma wave group at the 
University of Iowa. 

The scientific results of research carried out by the University of 
Iowa group are presented in this section. As in the past, the IMP-8 
spacecraft continues to provide a strong base for independent and cor- 
relative study of the Earth's magnetosphere and the solar wind. Under 
the IMP-8 contract detailed studies have been made of such phenomenon as 
Type-III radio bursts and electromagnetic emissions and boundary layers 
in the Earth’s magnetosphere. The following abstracts are from the pub- 
lished papers and reports that present the results of this study, which 
is continuing as a part of current data analysis efforts with experi- 
ments on other spacecraft. Copies of the entire papers are also 
included as Appendix A of this section of the final report. 
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1* Donald A. Gurnet t 

"The Earth as a Radio Source: Terrestrial Kilomt L ric Radiation* 1 

J. Geophys . Res. , T9, 4227, 1974 

Radio wave experiments on the IMP 6 and 8 satellites have shown 
that the Earth emits very intense electromagnetic radiation in the fre- 
quency range of about S0-500 kHz. At peak intensity the total power 
emitted in this frequency range is about 10 9 W. The Earth is therefore 
a very intense planetary radio source, with a total power output compar- 
able to the decametric radio emission from Jupiter. We refer to this 
radio emission from the Earth as terrestrial kilometric radiation. 
Terrestrial kilometric radiation appears to originate from low altitudes 
(less than 3*0 R^) in the auroral region. The intensity of the noise 
has a pronounced dependence on both the local time and the magnetic lat- 
itude of the observing point. At large radial distances the radiation 
is primarily observed on the poleward side of two cone-shaped surfaces 
that are centered on the Earth and symmetrically local id with respect to 
the northern and southern auroral zones. The magnetic latitude of the 
cone-shaped boundaries varies from greater than 50° in the local morning 
to near the magnetic equator in the local evening. Poleward of these 
boundaries the noise occurs in sporadic ’storms’ lasting from 1/2 hour 
to several hours. Comparisons with auroral photographs obtained from 
the low-altitude polar-orbiting Dapp satellite show that the terrestrial 
kilometric radiation is closely correlated with the occurrence of dis- 
crete auroral arcs, which occur in the local evening region of the 
auroral zone. This association indicates that the kilometric. radiation 
is probably generated by intense ’inverted V* electron precipitation 
bands, which cause the discrete auroral arcs. Possible mechanisms that 
can explain the generation and propagation of the terrestrial kilometric 
radiation are discussed. 

2. Paul Rodriguez and Donald A. Gurnett 

"Electrostatic and Electromagnetic Turbulence Associated With the 
Earth’s Bow Shock'* 

J . Geophys . Res . , 80 , 19, 1979 

The electric and magnetic field spectral densities of plasma waves 
in the Earth’s bow shock have been measured in the frequency range 20 Hz 
to 200 kHz by using two 16-channel spectrum analyzers on the IMP 6 
spacecraft. Hie electric field spectrum in the bow shock consists of 
two distinct components: one component has a broad peak typically cen- 

tered between 200 and 800 Hz with an average (5.12-s time constant) 
spectral density at the peak of about 10~ 9 wT 2 Hz* 1 , and the other 
component increases monotonically with decreasing frequency approxi- 
mately as i U.o) an ^ an avera g e spectral density of about 3.0 

x ID* 9 V 1 m~^ Hz* 1 at 36.0 Hz. The magnetic field spectrum in the shock 
has only one component that increases monotonically vith decreasing fre- 
quency approximately as 1 0 .b , anc j ^ as an X ipper cutoff frequency 

near the local electron gyrof requency . This magnetic field spectrum 
appears to be associated with the monotonic component of the electric 
field spectrum. Hie electric to magnetic energy density ratio of 
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this noise is about 10“ 3 to 10~\ which is consistent with the energy 
density ratio expected for electromagnetic whistler mode waves in the 
bow shock. The broad peak in the electric field spectrum between 200 
and 800 Hz has a large electric to magnetic energy density ratio, ~ 10 2 
to 10 3 , indicating that this component consists of almost purely elec- 
trostatic waves. Electrostatic noise with a spectrum similar to the 
turbulence in the shock but with lower intensities is observed through- 
out the raagnetosheath region downstream of the shock. This magneto- 
sheath electric field turbulence often includes many bursts with a dis- 
tinct "parabolic* frequency- time variation on a time scale of a few 
seconds. Spin modulation measurements of the electric field direction 
show that the electric field vectors in both the shock transition region 
and the magnetosheath region are preferentially oriented parallel to the 
static magnetic field direction. The electric field of up>str*am elec- 
tron plasm oscillations also is oriented parallel to the static 
magnetic field. 

3* William 3. Kurth, Mark M. Raumback, and Donald A. Gurnett 

"Direction- binding Measurements of Auroral Kilometric Radiation" 

J. Geophys. Res. , 80, 2?6U, 1975 

Direction-finding measurements with plasma wave experiments on the 
Hawkeye 1 and IMP 8 satellites sre used to locate the source region of 
auroral kilometric radiation. This radiation has peak intensities 
between about 100 and 300 kHz and is emitted in intense sporadic bursts 
lasting for from half an hour to several hours. At peak intensity the 
total power emitted in this frequency range exceeds 10“ W. The occur- 
rence of this radiation is known to be closely associated with bright 
auroral arcs which occur in the local evening auroral regions. Hawkeye 
1 provides direction-finding measurements of kilometric radiation from 
observations at high latitudes (S-20R^) over the northern polar regions, 
and IMP 8 provides similar observations at large radial distanc.es (23-^6 
My) near the equatorial plane. Results from both satellites place the 
source of the intense auroral kilometric radiation in the late local 
evening at about 22.0 hours l,T and at a distance of about 0.75 Rp from 
the polar axis of the Earth. These direction-finding measurements, 
together with earlier results from the IMP 6 satellite, strongly indi- 
cate that the intense auroral kilometric radiation generated by ener- 
getic auroral electrons at low altitudes in the evening auroral zone. 

The observed source location is in good quantitative agreement with the 
source position expected from simple propagation and ray path considera- 
tion. 

4* Donald A. Gurnett 

"The Earth as a Radio Source: The Nonthermal Continuum" 

J. Geophya. Res. , 80, 2751, 1975 

In addition to the intense and highly variable auroral kilometric 
radiation the Earth also radiates, a weak nonthermal continuum from ener- 
getic electrons in the outer radiation zone. The intensity of this con- 
tinuum radiation decreases with increasing frequency and is usually 
below the cosmic noise level at frequencies above 100 kHz. In this 


paper we show that the frequency spectrum of the continuum radiation 
consists of two components, a trapped component, which is permanently 
trapped within the magnetosphere at frequencies below the solar wind 
plasma frequency , and an escaping component, which propagates freely 
away from the Earth at frequencies above the solar wind plasma fre- 
quency* The low-frequency cutoff of the continuum radiation spectrum is 
at the local electron plasma frequency, which can be as low as 500 Hz in 
the low-density regions of the distant raagnetotail* Direction-finding 
measurements and measurements of the spatial distribution of intensity 
for both the trapped and the freely escaping components are used to 
determine the region in which the continuum radiation is generated* 

These measurements all indicate that the continuum radiation is gener- 
ated in a broad region which extends through the morning and early 
afternoon from about 4*0 to lU.O hours local time immediately beyond the 
plasmapause boundary* In contrast to the auroral kiloraetric radiation, 
which is generated in the high-latitude auroral zone regions, the con- 
tinuum radiation appears to be generated over a broad range of lati- 
tudes, including the magnetic equator* In some cases the continuum 
radiation appears to be closely associated with intense bands of elec- 
trostatic noise which are observed near the electron plasma frequency at 
the plasmapause* Possible mechanisms by which this radiation could be 
generated, including gyrosynchrotron radiation from energetic electrons 
in the outer radiation zone, are discussed* 

5* P* A. Gurnet t and I». A. Frank 

"Continuum Radiation Associated ‘With Low-Energy Electrons in the 

Outer Radiation Zone" 

J« Ge^phys* Res* , 81 , 1976 

A weak nonthermal continuum radiation is generated by the Earth's 
magnetosphere in the frequency range from about S00 Hz to greater than 
100 kHz* During magnetically disturbed periods the intensity of this 
continuum radiation increases significantly, by as much as 00 dP during 
large disturbances* In this paper we present a series of observations 
obtained by the Haw Key e 1 and IMP 8 spacecraft during a period of 
greatly enhanced continuum radiation intensity which occurred from 
October lU-21, 1 9 7 U • The enhanced continuum radiation intensities 
observed during this event art* found to be closely correlated with the 
injection of very intense fluxes of energetic, ~ 1-30 keV, electrons 
into the outer radiation zone. Direct ion-finding measurements of the 
continuum radiation observed during this event show that the radiation 
is primarily coming from the dawn side of the magnetosphere, in agree- 
ment with the observed dawn-dusk asymmetry in the 1-to 30-keV electron 
distribution* These results suggest that the continuum radiation may be 
generated by a coherent plasma instability involving relatively low- 
energy, ~ 1 to 30 keV, electrons rather than by gyrosynchrotron radia- 
tion from very energetic, 200 keV to 1 MeV, electrons as has been pre- 
viously suggested. 
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6 * Mark M. Baumback, William S* Kurth, and Donald A. Gurnett 

"Direction-Finding Measurements of Type III Radio Bursts Out of the 
Ecliptic Plane" 

Solar Physics , U 8 i , 361 , 1976 

Direction-finding raeasurernents with the plasma wave experiments on 
the HAWKEYE 1 and IMP 8 satellites are used to find the source locations 
of type III solar radio bursts in heliocentric latitude and longitude in 
a frequency range from 31*1 kHz to S00 kHz. IMP 8 has its spin axis 
perpendicular to the ecliptic plane; hence, by analyzing the spin modu- 
lation of the received signals the location of the type III burst pro- 
jected into the ecliptic plane can be found. Havkeye 1 has its spin 
axis nearly parallel to the 1 -liptic plane; hence, the location of the 
source out of the ecliptic plane may also be determined. Using an 
empirical model for the emission frequency as a function of radial dis- 
tance from the sun the three-dimensional trajectory of the type III 
radio source can be determined from direction-finding measurements at 
different frequencies. Since the electrons which produce these radio 
emissions follow the magnetic field lines from the Sun these measure- 
ments provide information on the three-dimensional structure of the mag- 
netic fiild in the solar wind. The source locations projected into the 
ecliptic plane follow an Archimedean spiral. Perpendicular to the 
ecliptic plane the source locations usually follow a constant heliocen- 
tric latitude. When the best fit magnetic field line through the source 
locations is extrapolated back to the Sun this field line usually orig- 
inates within a few degrees from the solar flare which produced the 
radio burst. With direction-finding measurements of this type it is 
also possible to determine the source size from the modulation factor of 
the received signals. For a type III event on June 8 , 197^, the half 
angle source size was measured to be ~ 60° and 500 kHz and ~ U0° at 56.2 
kHz as viewed from the Sun. 

7* Donald A. Gurnett 

"The Earth as a Radio Source" 

Magnetosphe ri c Particles and F ields , B . M . Me Co rmac , Ed . , 

Reidel Publishing Co., Dordrecht, Holland, 1976. 

Satellite low frequency radio measurements have revealed that the 
Earth is a very intense and interesting radio source with character- 
istics similar to other astronomical radio sources such as Jupiter, 
Saturn and the Sun. In this paper we summarize the primary character- 
istics of radio emissions from the Earth’s magnetosphere, consider the 
origin of these emissions, and discuss the similarities to other astron- 
omical radio sources. 

8 . D. A. Gurnett, L. A. Frank, and R. P, Pepping 
"Plasma Waves in the Distant Magnetotail" 

J. Geophy 3 . Res. , 8 l , 6059* 1976 

In this study we identify the principal types of plasma waves which 
occur in the distant magnetotail, and we investigate the relationship of 
these waves to simultaneous plasma and magnetic field measurements made 
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on the 3ame spacecraft. The observations used in this study are from 
the IMP 8 spacecraft, which passes through the raagnetotail at radial 
distances ranging from about 23*1 to 1*6.3 H^. Three principal types of 
plasma waves are detected by IMP 8 in the distant raagnetotail: broad 
band electrostatic noise, whistler mode magnetic noise bursts, and elec- 
trostatic electron cyclotron waves* The electrostatic noise is a broad 
band emission which occurs in the frequency range from about 10 Hz to a 
few kilohertz and is the most intense and frequently occurring type of 
plasma wave detected in the distant raagnetotail. This noise is found in 
regions with large gradients in the magnetic field near the outer bound- 
aries of the plasma sheet and in region with large plasma flow speeds t 
10 3 km s** 1 , directed either toward or away from the Earth. The whistler 
mode magnetic bursts observed by IMP 8 consist of nearly monochromatic 
tones which last from a few seconds to a few tens of seconds. These 
noise bursts occur in the same region as the broad band electrostatic 
noise, although muck less frequently, and are thought to be associated 
with regions carrying substantial field-aligned currents. Electrostatic 
electron cyclotron waves are seldom detected by IMP 8 in the distant 
magnetotail. Although these waves occur very infrequently, they may be 
of considerable importance, since they have been observed in regions 
near the neutral sheet when the plasma is extremely hot. 

9* D. A. Gurnet t and L. A. Frank 

"A Region of Intense Plasma Wave Turbulence on Auroral Field Lines’ 1 
J. Geophys. Res. , 82 , 1031* 1977 

Plasma wave measurements from the Hawkey e 1 and IMP 6 satellites 
show that a broad region of intense plasma wave turbulence occurs on the 
high-latitude auroral field lines at altitudes ranging from a few 
thousand kilometers in the ionosphere to many earth radii in the distant 
magnetosphere. This turbulence occurs in an essentially continuous band 
on the auroral L shells at all local times around the Earth and its most 
intense during periods of auroral activity. The electric field inten- 
sity of this turbulence is often quite large, with maximum field 
strengths of about 10 mVm~* and peak intensities in the frequency range 
10-50 Hz. Magnetic field perturbations indicative of field-aligned cur- 
rents and weak bursts of whistler mode magnetic noise are also observed 
in the same region as the electric field turbulence. In the local 
afternoon and evening the electric field turbulence is closely asso- 
ciated with V-shaped auroral hiss emissions. In some cases the electric 
field turbulence appears as a lowering and intensification of the low- 
frequency portion of the auroral hiss spectrum. Comparisons with plasma 
measurements and with similar measurements from other satellites 
strongly suggest that this plasma wave turbulence occurs on magnetic 
field lines which connect with regions of intense inverted V electron 
precipitation at low altitudes and with regions of intense earthward 
plasma flow in the distant magnetotail. The plasma instabilities which 
could produce this turbulence and the possible role which this turbu- 
lence may play in the heating and acceleration of the auroral particles 
are considered. 
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10. Donald A. Gurnett 

'Electrostatic Turbulence in the Magnetosphere" 

Physics of Solar Planetary Environments , Vol. II, ed. by D* J. 

Williams, American Geophysical Union, Washington, DC 760, 1976 

Plasma wave measurements from the IMP 6, IMP 8 and Havkeye 1 satel- 
lites show that a broad region of intense low-frequency electric field 
turbulence occurs on the high latitude auroral field lines at altitudes 
ranging from a few thousand kilometers in the ionosphere to many earth 
radii in the distant magnetosphere* A qualitatively similar, but less 
intense, type of electric field turbulence is also observed at the 
plasmapause during magnetic storms. In the auroral regions the turbu- 
lence occurs in an essentially continuous band on the auroral L-shells 
at all local times around the Earth and is most intense during periods 
of auroral activity. In this paper ve summarize the basic character- 
istics of this electric field turbulence and consider the possible role 
this turbulence may play in the heating and acceleration of plasma in 
the magnetosphere. 

11. James Lauer Green, Donald A. Gurnett, and Stanley D. Shavhan 

"The Angular Distribution of Auroral Kilometric Radiation" 

J. Geophys. Res. , 82, 1825, 1977 

Measurements of the angular distribution of auroral kilometric 
radiation (AKR) are presented by using observations from the Havkeye 1, 
IMP 6, and IMP 8 satellites. The University of Iowa plasma wave experi- 
ments on Havkeye 1 and IMP 6 provide electric field measurements of AKR 
in narrow frequency bands centered at 178, 100, and 56.2 kHz, and the 
IMP 8 experiment provides measurements at 500 kHz. From a frequency of 
occurrence survey, at radial distances greater than 7 Rp (earth radii) 
it is shown that AKR is preferentially and instantaneously beamed into 
solid angles of approximately 3.5 sr at 178 kHz, 1.8 sr at 100 kHz, and 
1.1 sr at 56.2 kHz, directed upward from the nighttime auroral zones. 
Simultaneous multiple satellite observations of AKR in the northern 
hemisphere show that the radiation occurs simultaneously throughout 
these solid angles and that the plasmapause acts as an abrupt propaga- 
tion cutoff on the nightside of the Earth. No comparable cutoff is 
observed at the plasmapause on the dayside of the Earth. 

The results of computer ray tracing calculations for both the 
right-hand (R-X) and left-hand (L-O) polarized modes are also presented 
in an attempt to understand the propagation characteristics of the mag- 
netic field line at 70° invariant latitude near local midnight. The 
approximate altitude of the source can be determined for each of the two 
inodes of propagation by adjusting the source altitude to give the best 
fit to the observed angular distribution. The R-X mode is found to give 
the best agreement with the observed angular distributions. 
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12. G* R* Voots ami P. A. Gurnett 

"Auroral Kilometric Radiation as an Indicator of Auroral Magnetic 

Disturbances" 

J. Geophys. Res. , 82 , 2259, 19TT 

Satellite low-frequency radio measurements have shown that an 
intense radio emission from the Earth’s auroral regions called auroral 
kilometric radiation is closely associated with auroral and magnetic 
disturbances. In this paper we present a detailed investigation of this 
relationship, using the auroral electrojet (AE) index as an indicator of 
auroral magnetic disturbances and radio measurements from the IMP 6 
spacecraft. This study indicates that the mean power flux of the 178- 
kHz radiation tends to be proportional to (AE) 1 ** for AE > 100 The 

correlation coefficient between log AE and the logarithm of the power 
flux is 0.51^ • Occasionally, a kilometric radiation event is detected 
which is not detected by the ground magnetometer stations, even though 
an auroral substorm is in piogress. This study shows that the remote 
detection of kilometric radio emissions from the Earth can be used as a 
reasonably reliable indicator of auroral substorm activity. 

13. D. A. Gurnett, M. M. Baumback, and H. Rosenbauer 

"Stereoscopic Direction Finding Analysis of a Type III Solar Radio 

Burst: Evidence for Emission at 2fp~" 

J. Geophys. Res. , 83 ^ 616 , 1978 

Stereoscopic direction finding measurements from the IMP 8 , Hawkeye 
1 , and Helios 2 spacecraft over base line distances of a substantial 
fraction of an astronomical unit are used to directly determine the 
three-dimensional trajectory of a type III solar radio burst. By com- 
paring the observed source positions with the direct in situ solar wind 
plasma density measurements obtained by Helios 1 and 2 near the sun 
relationship of the emission frequency to the local plasma frequency can 
be determined directly without any modeling assumptions. These compari- 
sons show that the type III radio emission occurs near the second har- 
monic, 2fp“, of the local electron plasma frequency. Other character- 
istics of the type III radio emission, such as the source size, which 
can be obtained from this type of analysis are also discussed. 

lU. D. A. Gurnett and L. A. Frank 

"Ion Acoustic Waves in the Solar Wind" 

J. Geophys. Res. , 83 % 58, 1978 

Plasma wave measurements on the Helios 1 and 2 spacecraft have 
revealed the occurrence of electric field turbulence in the solar wind 
at frequencies between the electron and ion plasma frequencies. Wave- 
length measurements with the IMP 6 spacecraft now provide strong evi- 
dence that these waves are short wavelength ion acoustic waves which are 
Doppler-shifted upward in frequency by the motion of the solar wind. 
Comparison of the Helios remits with measurements from the Earth- 
orbiting IMP 6 and 8 spacecraft shows that the ion acoustic wave turbu- 
lence detected in interplanetary space has characteristics essentially 
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identical to those of bursts of electrostatic turbulence generated by 
protons streaming into the solar wind from the Earth’s bow shock. In a 
feu cases, enhanced ion acoustic wave intensities have been observed in 
direct association with abrupt increases in the anisotropy of the solar 
wind electron distribution. This relationship strongly suggests that 
the ion acoustic waves detected by Helios far from the Earth are pro- 
duced by an electron heat flux instability, as was suggested by 
Forslund. Possible related mechanisms which could explain the genera- 
tion of ion acoustic waves by protons streaming into the solar wind from 
the Earth’s bow shock are also considered. 

15* Donald A. Gurnett 

” Electromagnetic Plasma Wave Emissions From the Auroral Field 
Lines” 

J. Geomag. Oeoelectr. , 30 , 257 1 1978 

Several types of electromagnetic waves are known to be emitted by 
charged particles on the auroral field lines. In this paper we review 
the most important types of auroral radio emissions, both from a histor- 
ical perspective as well as considering the latest results. Particular 
emphasis is placed on four types of electromagnet ic emissions which are 
directly associated with the plasma on the auroral field lines. These 
emissions are (l) auroral hiss, (2) saucers, ( 3 ) ELF noise bands, and 
( U ) auroral kilometric radiation. Kay tracing and radio direction find- 
ing measurements indicate that both the auroral hiss and auroral kilo- 
metric radiation are generated along the auroral field lies relatively 
close to the Earth, at radial distances from about 2.5 to 5 R^, probably 
in direct association with the acceleration of auroral particles by 
parallel electric fields. The exact mechanism by which these radio 
emissions are generated has not been firmly established. For toe auro- 
ral hiss the favored mechanism appears to be amplified Cerenkov radia- 
tion. For the auroral kilometric radiation several mechanisms have been 
proposed, usually involving the intermediate generation of electrostatic 
waves by the precipitating electrons. 

lb. D. A. Gurnett, R. R. Anderson, F. L. Scarf, and W. S. Kurth 

The. Heliocentric Radial Variation of Plasma Oscillations Associated 

With Type III Radio Bursts 

J. of Geophys. Res. , 83 , ^1^7 , 1978 

A survey is presented of all the electron plasma oscillation events 

found to date in association with low-frequency type HI solar radio 

bursts using approximately 9 years of observations from the IMP t> and 8, 
Helios 1 and 2, and Voyager 1 and 2 spacecraft. Plasma oscillation 
events associated with type III radio bursts show a pronounced increase 
in both the intensity and the frequency of occurrence with decreasing 
heliocentric radial distance. This radial dependence explains why 
intense electron plasma oscillations are seldom observed in association 
with type III radio bursts at the orbit of the Earth. Possible inter- 
pretations of the observed radial variation in the plasma oscillation 

intensity are considered. 
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17* Le.r -s L. Gallagher ami Donald A. Gurnett 

" Auroral K.loraetric Radiation: Time-Averaged Source Location" 

J* Geophys. Res. , 8 U , 6501, 1979 

The location of the average generation region of auroral kilometric 
radiation is found by studying average electric field strengthfl as a 
function of spacecraft position in narrow frequency bands centered at 
178, 100, and 56*2 kHz. A combined 5 years of data from the University 
of Iowa plasma wave experiments on satellites Hawkeye 1 and IMP 6 pro- 
vide the basis for determining the average electric field strengths. 
Hawkeye 1 was in a highly elliptical, polar orbit with an apogee near 21 
R £ over the northern polar region, and T MP 6 was in a highly elliptical, 
near-equatorial orbit with an apogee of 33 Rp ( * Together these satel- 
lites provide extensive coverage from 3 to 21 Rg in the northern hemi- 
sphere and inside of 3 R^ in the southern hemisphere. Intense sources 
of auroral kilometric radiation are found in the northern and southern 
hemispheres. Their locations are near 65 * invariant latitude in their 
respective hemispheres, between 22 and 2^ hours magnetic local time, and 
near 2.5 Rg* The total tirae-averaged power generation is found to be 
about 10 7 W, assuming a spectral bandwidth of 200 kHz. Propagation 
effects limit the emission cone of auroral kilometric radiation in a 
given hemisphere to roughly U . 1 sr at 178 kHz , 2.2 sr at 100 kHz, and 
1.5 nr at 56.2 kHz. Evidence that the polar cusp region is illuminated 
at distances us close as h R^ suggests the possibility that previously 
observed polar cusp sources are the result of scattering from field- 
aligned density irregularities* 

l8. Robert R. Shaw and Donald A* Gurnett 

"A Test of Two Theories for the Low Frequency Cutoffs of Nonthermal 
Continuum Radiation" 

J. Geophys. Res. , (accepted for publication), 1980 

Two theories have been proposed that differently identify the fre- 
quencies of the low frequency cutoffs of nonthermal continuum radiation. 
The first of these theories states that the two low frequency cutoffs 
occur at the local plasma frequency and R = 0 cutoff frequency, with the 
continuum radiation propagating in the ordinary mode between the cutoffs 
and a mixture of ordinary and extraordinary mode above the upper cutoff. 
The second theory suggests that the two low frequency cutoffs occur at 
the local L - 0 cutoff frequency and plasm frequency, with the contin- 
uum radiation beirg generated by Cerenkov emission in the Z-racde between 
the local plasma frequency and upper hybrid resonance frequency. Mode 
coupling at the local plasma frequency is suggested to generate contin- 
uum radiation in the ordinary mode which freely propagates to remote 
regions of the magnetosphere. In this paper, several examples of con- 
tinuum radiation observed in the outer magnetosphere by IMP 6 and TGEE 1 
are analyzed in detail, and it is shown that these cutoff frequencies 
occur at the local plasma frequency and R - 0 cutoff frequency. In 
addition, no substantive evidence is found in the ouier magnetosphere 
for a component of continuum radiation propagating in the Z-mode. 
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19* D. A. Gurnett, R. R. Anderson, and R. L. Tokar 

"Plasma Oscillations and the Rmissivity of Type Til Radio Bursts" 
Radio Physics of the Sun , ed. by M. Kundu, Reidel Publishing Co,, 
Dordrecht, Netherlands, 1979 

Plasma wave electric field measurements with the solar orbiting 
Helios spacecraft have shown that intense electron plasma oscillations 
occur in association with type III solar radio bursts, thereby confirm- 
ing a well known mechanism for generating solar radio emissions first 
proposed by Ginzburg and Zheleznyakov in 1958. In this paper we review 
the principal characteristics of these plasma oscillations and compare 
the observed plasma oscillation intensities with recent measurements of 
the emissivity of type III radio bursts. The observed emissi vities are 
shown to be in good agreement with two current models for the conversion 
of electrostatic plasma oscillations to electromagnetic radiation. 

20. L. Burlaga, R. Lepping, R. Weber, T. Armstrong, C. Goodrich, 

J. Sullivan, D. Gurnett, P. Kellogg, E. Keppler, F. Mariani, 

P. Neubauer, H. Rosenbauer, R. Schwenn 

"Interplanetary Particles and Fields, November 22 - December 6 , 
1977: Helios, Voyager, and IMP Observations Between 0.6 AU and 

1.6 AU" 

In the period November 22 -December 6 , 1977, three types of inter- 
planetary flows are observed — a corotating stream, a flare-associated 
shock wave, and a shock wave driven by ejecta. Helios 2, IMP 7, 8 , and 
Voyager 1, 2 were nearly radially aligned at ^ 0.6 AU, 1 AU and 1.6 AU, 
(respectively., while Helios 1 was at ^ 0.6 AU and 35* of Helios 2. The 
instruments on these spacecraft provided an exceptionally complete des- 
cription of the particles and fields associated with the three flows and 
corresponding solar events. Analysis of these data revealed the follow- 
ing results, l) A coronal hole associated corotating stream, observed 
at 0.6 AU and 1 AU, which was not seen at 1.6 AU. The stream interface 
corotated and persisted with little change in structure even though the 
stream disappeared. A forward shock was observed ahead of the inter- 
face, and moved from Helios 2 at 0.6 AU to Voyager 1 , 2 at 1.6 AU; 
although the shock was ahead of a corotating stream and interface, the 
shock was not corotating, because it was not seen at Helios 1, probably 
because the corotating stream was not stationary. 2) An exceptionally 
intense type Hi burst was observed in association with a 2B flare of 
November 22. The exciter of this burst — (a beam of energetic 
electrons) — and plasma oscillations (presumably caused by the electron 
beam) were observed by Helios 2. 3^ A non-opherical shock was observed 

in association with the November 22 flare. This shock interacted with 
another shock between 0.6 AU and 1 AU, and they coalesced to form v 
single shock that was identified at 1 AU and at 1.6 AU. I 4 ) A chock 
driven by ejecta was studied. In the ejecta the density and temperat ure 
were unusually low and the magnetic field intensity was relatively high. 
This region was preceded by a directional discontinuity at which the 
magnetic field dropped appreciably. The shock appeared to move globally 


13 


at a uniform speed, but loyally there were fluctuations in speed and 
direction of up to IDO km/s and 40*, respectively. 5) Three types of 
electrostatic waves were observed at the shocks, in different combina- 
tions. The detailed wave profiles differed greatly among the shocks, 
even for spacecraft separations £ 0.2 AU, indicating a strong dependence 
on local conditions. However, the same types of fluctuations were 
observed at 0.6 AU and at 1.6 AU. 6) Energetic (50-200 keV) protons 
were .. .celerated by the shocks. The intensities and durations of the 
fluxes varied by a factor of 12 over longitudinal distances of C.2 AU. 
The intensities were higher and the durations were lower at 1.6 AU than 
at 0.6 AU, suggesting a cumulative effect. 7) Energetic (®50 keV) 
protons from the November 22, flare were observed by all the spacecraft. 
During the decay, Helios 1 observed no change in intensity when the 
interface moved past the spacecraft, indicating that particles were 
injected and moved uniformly on both sides of the interface. Helios 2 
observed an increase in flux not seen by Helios 1, reaching maximum at 
the time that a shock arrived at Helios 2. The intensity dropped 
abruptly when the interface moved past Helios 2, indicating that the 
"extra" particles seen by Helios 2 did not penetrate the interface. 

21. R. L. Tokar and D. A. Gurnett 

"The Volume Emissivity of Type III Radio Bursts" 

J. Geophys. Res. , (accepted for publication), 1980 

The volume emissivity has been calculated for thirty-six type III 
solar radio bursts obtained from approximately 6.5 years of IMP 8 and 
ISEE 1 satellite data. Although the emissivities for these events vary 
over a large range, all the emissivities decrease rapidly with increas- 
ing heliocentric radial distance. The best fit power law for the emis- 
sivity, using the average power law index for all events analyzed, is J 
= JqR~®*°, with Jq = 1.5 x 10 -24 watts m~ 3 ster -1 . This best fit emis- 
sivity is used to estimate the expected radial variation of the plasma 
oscillations responsible for the type III radio emission. 
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The Earth as a Radio Source: Terrestrial Kilometric Radiation 

Donaio A. Gl'RNITT 
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Radio wave experiments on the Imp b and 8 satellites have shown that the earth emits vet) intense 
electromagnetic radiation in the (requeues taiige ol about kHz At peak intensity the total power 

emitted in this Irequencs range is about ID* W The eaith is therefore a vers intense planetars radio 
source, with a total power output comparable to the decametric radio emission from Jupiter W e refer to 
this radio emission from the earth as terrestrial kilometric radiation Terrestrial kilometric radiation 
appears to originate from low altiludcx (less than 3 0 A', i in the auroral region 1 he intensity ol the noise 
has a pronounced dependence on both the local time and the magnetic latitude of the observing point At 
large radial distances the radiation is primarily observed on the poleward side ol two cone-shaped surlaces 
that are centered on the earth and symmetrically located with respect to the northern and southern 
auroral /ones I he magnetic latitude of the cone-shaped boundaries vanes Irom greater than 50° in the 
local morning to near the magnetic equator in the local evening Tolcw ird of these boundaiiex the noise 
occurs m sporadic 'storms lasting from ■: hour to several hours C omparisons with auroral photographs 
obtained from the low altitude polar-orbiting Oapp satellite show that the terrestrial kilometric radiation 
is closely correlated with the occurrence of discrete auroral arcs, which occur in the local evening r gton of 
the auroral /or. 1 his association indicates that the kilometric radiation is probablv generated bv intense 
'inverted V' e 1 ctron precipitation bands, which cause the discrete auroral arcs Possible mechanisms that 
can explain me generation and propagation of the terrestrial kilometric radiation are discussed 


Intense electromagnetic radiation is commonly observed 
propagating outward from the earth in the frequency range of 
about 50-500 kHz with the University of Iowa plasma wave 
experiments on the Imp b and S satellites Since the wavelength 
of this radiation is usually in the kilometric range, we shall 
refer to this radiation as terrestrial kilometric radiation 
Terrestrial kilometric radiation was first discovered by 
Dunckel ft al [1970J from very low frequency (VI I ) radio 
measurements with the Ogo 1 satellite Dunckel et al refer to 
this radiation as ‘high-pass* noise because the upper frequency 
of the Ogo \ L I receiver ( 100 kHz) was too low to reach the 
peak in the emission spectrum As we shall show, the spectrum 
of the terrestrial kilometric radiation extends with significant 
intensities up to about 500 kHz and typically reacnes max- 
imum intensity at about 200 kHz Brown (1973) has also com- 
mented on observations of earth-related radio emissions at 
150- 300 kHz with the Goddard Space I light Center (GSI C) 
radio astronomy experiment on Imp b and refers to this noise 
as ‘midfrequenev* radiation 

At peak intensity we will show that the total power of the 
terrestrial kilometric radiation is about 10* W The earth is 
therefore a very intense planetary radio source, with a total 
power output comparable to the decametric (3.0-309 MM/) 
radio emission from Jupiter For comparison, the total power 
of the Jovian decametric radiation is estimated by Warwick 
[|9b3] to be about 2 V |0 T W As we shall also show, the 
terrestrial kilometric radiation appears to originate from 
relatively low altitedex (less than 3 R r ) in the auroral regions 
and is closely correlated with the occurrence ol discrete 
auroral arcs detected optically bv the low -altitude polar- 
orbiting Dapp reconnaissance satellite. Since the maximum 
energy dissipated bv the auroral charged-particle precipitation 
is about 10" \\ . the mechanism for generating this radiation 
must be very eflicicnt ( - TV) Because the terrestrial kilometric 
radiation has manv features in common with Jovian sol \r 
and other axtroph\su..l rad •• : c ni'i c r ' •* . *•» 

this r iiation is ol considerable general interest, particularly 
since m this case direct in situ measurements can be made in 

Copv right l*)’4 bv the American (.ieophvMc.il Union 


the source region The purpose of this paper is to present a 
comprehensive study of terrestrial kilometric radiation as 
observed by the Imp b and 8 satellites 

Instrumentation 

I he Imp b spacecraft was launch d on March 13. 1971, into 
a highly eccentric earth orbit with initial perigee and apogee 
geocentric radial distances of bbl3 and 2l2,b30 km, respec- 
tively, orbit inclination of 28 7", and period of- lb days i he 
Imp 8 spacecraft was launched on October 2b. 1973, into a 
slightly eccentric earth orbit with initial perigee and apogee 
geocentric radial distances of I4 7 .434 and 29 5,054 km. respec- 
tively, orbit inclination of 28 b°. and period of 11.98 days 
Both spacecraft are spin-stahih/cd. their spin axes being 
oriented very nearly perpendicular to the ecliptic plane 

The University of Iowa plasma wave experiment on Imp b is 
designed to studv plasma wave phenomena in the frequency 
range 20 11/ to 2(H) kHz. The antennas for this experiment con- 
sist of three mutually orthogonal ‘long* dipole antennas lor 
electric held measurements and three mutually orthogonal 
loop antennas for magnetic field measurements Two of the 
electric dipole antennas arc perpendicular to the spacecraft 
spin axis These antennas. F* and I v . have tip-to-lip lengths of 
53 5 and 92.5 m, respectively The third electric antenna. I ,. 
lies along the spin axis and has a tip-to-tip length of 7.7 m The 
signals from these antennas are analyzed by two lb channel 
spectrum analyzers with center frequencies from 3b Hz to I "8 
kHz. The filler for each channel has a bandwidth of ap- 
proximately 1 5 r r of the ccn'cr frequency, and there are four 
fillers per decade of frequency l ach frequency channel has 
two detectors a peak detector and an average detector The 
peak detector has a response time constant of 0.1 s and 
measures the largest signal occurring in a given sample interval 
(* II s), and the average detector measures the average noise 
:u n>itvdu:u • t!v ur.c sample unci \ .<i I lie output o! .• .ch 
d u \ to: i\ ,i •. * !i..gc piopoi tioiiai tv* the logai it lun ol the signal 
amplitude l he dynamic range of each spectrum analy/ci 
channel is UK) dB I urthcr details ol the Imp b pl.iMii.i wave 
experiment are given bv iiurnett onJ Show ||973j 
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The University of Iowa plasma wave experiment on Imp 8 is 
similar to the Imp 6 experiment. The antennas for the Imp 8 
experiment consist of two orthogonal line-wire (U.02U inch in 

diameter) dipole antennas for electric field measurements and 
three mutually orthogonal search coil magnetometers for 
magnetic field measurements. The electric dipole antennas arc 
extended outward, perpendicular to the spacecraft spin axis, 
by centrifugal force. The nominal tip-to-tip length of the elec- 
tric dipole antennas is 121.8 m. Because of a mechanical failure 
in one of the antenna extension mechanisms, only the E y antenna 
is extended to the full length. All data presented in this 
report are obtained with the E y antenna. The spectrum 
analyzer used in the Imp 8 experiment is very similar to the 
Imp 6 spectrum analyzer. Fifteen channels are used for electric 
field measurements covering the frequency range 40 Hz to 178 
kHz, there being approximately four channels per decade of 
frequency. Each charnel is sampled once every 10.24 s. In ad- 
dition to the 15 channel spectrum analyzers the Imp 8 experi- 
ment also has a wide-band receiver that can provide wave form 
measurements over the frequency range 10 Hz to 1 kHz from 
any selected antenna. The wide-band receiver can also be 
tuned to frequencies of 2.0 MHz, 500 kHz, 125 kHz, and 31.25 
k Hz, so that wave form measurements can be obtained at these 
frequencies. An amplitude output is also available from the 
wide-band receiver, so that frequency spectrum measurements 
can be obtained at frequencies up to 2.0 MHz by stepping the 
center frequency of the wide-band receiver. 

Observations 

Survey of basic characteristics. An example of terrestrial 
kilometric radiation observed by Imp 6 is illustrated in Figure 
1, which shows the electric field strength in the 178-, 100-, 
56.2-, and 31.1-kHz channels for a 24-hour period while the 
spacecraft is near apogee in the geomagnetic tail region. The 
ordinate for each frequency channel in this figure is propor- 
tional to the logarithm of the electric field strength. The inter- 
val from the base line of one channel to the base line of the 
next higher channel corresponds to a dynamic range of 75 dB. 
The vertical bars indicate the average field strength over the 
lime interval between samples, and the dot above each bar in- 
dicates the peak field strength over this same interval. The dis- 
tinct enhancements in the 100- and 178-kHz channels of 
Figure 1, extending as much as 60 dB above the receiver noise 
level, are typical of the terrestrial kilometric radiation 
observed by Imp 6. The intensity of this noise often varies con- 
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Fig. I . A 24-hour period of Imp 6 electric field data near apogee in 
the geomagnetic tail region, which shows several periods of intense 
terrestrial kilometric radiation in the 100* and 178-kHz channels. 
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Fig. 2. Simultaneous electric and magnetic field intensities from an 
inbound Imp 6 pass in the local evening, which show that the 
terrestrial kilometric radiation consists of electromagnetic waves. The 
dashed line E - cB gives the electric to magnetic field ratio of an elec- 
tromagnetic wave in free space. 

siderably (by as much as 20 dB) on a time scale of a few 
minutes or less. The kilometric radiation occurs in distinct 
‘storms’ lasting for periods from Vz hour to several hours 
(Figure 1). Between the storms the noise may be completely 
undetectable, sometimes for periods lasting as long as 24 
hours. On a time scale of a minute or less the peak and average 
field strengths tend to vary together, the typical difference be- 
ing about 3 dB. As will be shown later, this difference between 
the peak and the average field strengths is primarily caused by 
the antenna rotation and indicates that the source has a small 
angular size as viewed by Imp 6 at large radial distances from 
the earth. 

It is easily shown that the kilometric noise detected by the 
electric antenna on Imp 6 is electromagnetic radiation, since 
the same noise is also detected with the magnetic loop antenna 
on Imp 6. Figure 2 illustrates the electric and magnetic field 
amplitudes for an intense kilometric noise storm observed dur- 
ing an inbound Imp 6 pass from about 6.0- to radial 

distance. The close correspondence between the electric and 
the magnetic field amplitudes is clearly evident in the top panel 
of Figure 2. The bottom panel of Figure 2 shows the cor- 
responding electric and magnetic field spectral densities com- 
puted at several points from about 1345 to 1500 UT during 
this pass. The electric field strength is determined by dividing 
the measured ac voltage at the antenna terminals by one half 
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Fig. 3. Power spectrum of terrestrial kilometric radiation as observed by Imp H at a radial distance of 25.2 R E in the local 

evening. 
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of the tip-to-tip length of the antenna and ignoring any anten- 
na impedance corrections. The linear relation between the 
electric and the magnetic field spectral densities illustrated in 
the bottom panel of Figure 2 provides convincing evidence 
that the terrestrial kilometric noise detected by Imp 6 is elec- 
tromagnetic radiation. The small deviation (^20%) of the elec- 
tric field amplitude from the £ * cB line for electromagnetic 
waves in free space is believed to be due to the loading effect of 
the input capacity at the base of the electric antenna. The ab- 
solute sensitivity of the electric antenna can be directly deter- 
mined by comparison with the loop antenna response, since no 
antenna impedance corrections are necessary for the magnetic 
field measurements. 

The frequency spectrum of a typical kilometric noise event is 
shown in Figure 3. This spectrum was obtained from Imp 8 at 
a radial distance of about 25.2 R e in the local evening. The 
power flux in Figure 3 was computed from the measured elec- 
tric field spectrum by assuming that the radiation is 
propagating radially outward from the earth and that both 
polarizations have equal power. The spectrum in Figure 3 
shows the main spectral characteristics of the terrestrial 
kilometric radiation observed by Imp 6 and 8: (1) the spectrum 
reaches peak intensity in the range of about 100-300 kHz, (2) 
the spectrum decreases rapidly with decreasing frequency 
below about 100 kHz and is seldom detectable at 31.1 kH/. 
and (3) the spectrum decreases rapid!) with increasing fre- 
quency above about 300 kHz and is usually down to near the 
cosmic noise level at 2.0 MHz. 

Evidence of near-earth origin. Several characteristics of the 


terrestrial kilometric radiation indicate that the noise is 
generated very close to the earth, probably at a radial distance 
of less than 3 R c . As was mentioned earlier, the measured in- 
tensity of the kilometric noise has a very distinct modulation 
due to the rotation of the antenna. Figure 4 shows an example 



FI- 4. \n*ul:ir dvriSition of the deciric fVd component 
jvn’lci i*' imj clect'ic .is a lunc'iiMt o! me one: 1 - 

tation. I he deep null when the antenna is pointed at the earth show* 
that the kilometric radiation appears to be coming from the earth and 
that the source has a small angular size (<6° half angle) as viewed 
from Imp 8 at 32.1 
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Fig. 5. Power flux distribution of terrestrial kilometric radiation at 178 kHz as a function of radial distance. 
The radial distance intervals are logarithmically spaced so that a (!//?)* variation is indicated by a straight dashed 
line in this diagram. 


lance At 

■V- 

0 Kt' r 
pronoun . 
the ohscr 
Figure h 
dinutes 
channel e 


thro: 


The (I <R 
correct !\ 
radial di> 
8.16 X 1 
than the 
essential) 
Figure t 
thereby 
provide 
points ir 
samples 
Figure 
frequent 
4.0 houi 
seldom 
Figure C 
at a radi 


of spin modulation from the Imp 8 spacecraft. As is indicated 
in Figure 4, the spacecraft is at a radial distance of about 32.1 
Re in the local evening, and the sun-earth-vehicle (SEV) angle, 
projected onto the ecliptic plane, is about 128.2°. The geocen- 
tric solar ecliptic latitude, \ c ,st = - 1 .7°, is such that the earth 
is located very dose to the plane of rotation of the antenna, 
thereby assuring a sharp null for radiation coming directly 
from the earth. 

The antenna orientation angle <f> y in Figure 4 is the angle 
between the electric antenna axis and the spacecraft-sun line. 
Because of the rapid intensity fluctuations and the slow sam- 
pling rate (one sample every 10.24 s) it is necessary to average a 
large number of measurements to obtain a suitable angular 
distribution. The amplitudes plotted in Figure 4 are an average 
of 40 min of data from the 178-kHz channel during a period 
when intense kilometric noise was being detected. To reduce 
the error caused by intensity variations, the measured field 
strengths arc blocked into 3.6-min intervals and are nor- 
malized by dividing by the average field strength. The nor- 
malized electric field amplitudes shown in Figure 4 are the 
average of the normalized field strengths obtained in each 10° 
interval from 0° to 180°. Because of the symmetry of the 
dipole antenna pattern, angles in the range 180° < & y < 360° 
are shifted by 180° into the range 0° < <t>>- < 180°. 

A null is clearly evident in Figure 4 at an antenna orienta- 
tion angle of about 130°. This null position corresponds 
almost exactly to the angular position of the earth (SEV angle 
of 128.2°). The null is also very deep, the null amplitude being 
almost a factor of 10 below the peak amplitude. The deep null 


indicates that the source must have a small angular size, less 
than about 6° half width, as viewed from Imp 8 at 32.1 R g . 
This angular size shows that the source does not extend more 
than about 3.0 R g from the center of the earth. 

If the source of the kilometric radiation is located close to 
the earth, then the power flux should vary inversely with the 
square of the radial distance from the earth. This radial 
dependence can be verified directly with the Imp 6 data. Figure 
5 shows the powe, ?ux distribution as a function of radial dis- 
tance from the earth in the 178-kHz electric field channel. The 
bar graph within each radial distance interval gives the percen- 
tage occurrence of the kilometric noise as a function of the 
power flux within that range of radial distances. These percen- 
tage occurrences are computed by using all data points 
(327. 6-s averages) obtained during I year of in-flight operation 
totaling 22,802 measurements. To reduce *he effect of local 
time variations, only local times in the range 18-24 hours are 
considered. All points are included without regard to the type 
of noise being detected. From the 24-hour survey plots, such as 
that shown in Figure I , we have established that virtually all of 
the noise detected in the 178-kHz channel consists of terrestrial 
kilometric radiation. The radial distance ranges in Figure 3 are 
logarithmically spaced so that a (1 /./?)* dependence of the 
power flux is a straight line in this diagram. The peak power 
flux is seen to follow closely the ( \/R) 2 dependence indicated 
by the dashed lines in Figure 5, thereb\ providing further 
evidence of the near-earth origin of the kilometric radiation. 
The data in Figure 5 also provide quantitative information on 
the intensity of the kilometric radiation at any given radial dis- 
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uncc At a tadial distance of 30 R f the maximum intensity is 
about 10 " W m 1 11/ 'at 178 Ml / 

Spatial distribution of the radiation In addition to the 
(I RV radial sanation the kilometnc radiation also has a 
pronounced dependence on the local time and the latitude ol 
the observing point I he local time dependence is illustrated in 
f igure b. which shows the local time and radial distance coor- 
dinates ol Imp 6 for times when the power flux in the 178-MI/ 
channel exceeds a threshold power tlux of 

threshold » (" r ) X (7 35 X 10 '*) NV m Hz' 


lion of this cutolT (near the expected location of the 
plasmapausc boundary) suggests th**. the plasmasphere is 
alTectmg the propagation of the kilometnc radiation in this 
region 

To investigate this plasmapausc effect further, the frequency 
of occurrence has been determined as a function of the 
magnetic latitude and radial distance in the local lime range 
18 0-24 0 hours, where the noise is most frequentlx observed 
Magnetic latitude A* is used as * parameter because the 
plasmasphere is known to be controlled strongl) b> the 
geomagnetic field To correct for the expected [ I R) 3 variation 
of the power tlux, (he threshold for counting an event is again 
varied as 


The (1 RY factor in the threshold for counting an event is to 

correct for the expected (I R)' variation of the power tlux with threshold ** (~) X (7.35 X 10 **) VV m' 1 Hz 1 
radial distance. This threshold corresponds to a power flux of \R J 

8.16 X 10 '• \\ m * Hz ‘ at R * 30 R f . which is much less 

than the average power flux of the kilometnc radiation, so that Data from 2 vears of in-flight operation are used to determine 

essentially all events that occur should be detected The data in the frequency of occurrence. Because of the limitations im- 

f igure 6 represent I complete >ear of in-flight operation, posed by the Imp 6 orbit it is necessary to combine the 

thereby assuring coverage of all local limes In order to northern hemisphere and southern hemisphere data, the sign 

provide an unbiased representation the time interval between of the magnetic latitude being ignored, in order to obtain an 

points m Figure 6 is adjusted to give a constant number of adequate number of samples in each A*,. R block The pcrcen 

samples per unit length along the trajectory lage occurrences computed from these data are shown in 

Figure 6 shows that the kilometnc radiation is much more Figure 7 All latitudes below the upper border marked ‘limit of 

frequcnllv obseived in the local evening (from about 16.0 to latitudinal coverage* have at least 20 samples in each A„. R 

4.0 hours local time) than in the local morning The noise is block A well-defined low-latitude cutoff in the occurrence of 
seldom observed from about 6 0 to 12 0 hours local time kilometnc radiation is evident in Figure 7, varying from about 
Figure 6 also shows a sharp cutoff in the kilometnc radiation 40° magnetic latitude at 3 0 R, to about 10° magnetic latitude 

at a radial distance of about 3.0 A r at all local times I he loca- at 10.0 R t At radial distances of less than about 4.0 R, this 
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\ ig n Spatial nines of points along the Imp h orbit at which ihc power tins in the l ? H kit/ channel exceeds the 
specified threshold 1 lu threshold is varied as(l AO' loionctl lor ihc cvpcdcd radial % jnalion in the power llux I he coor- 
dinates .i e eeov.cr.tru i.ulial distance and local lime 
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Fig. 7. Percentage occurrence of terrestrial kilometric radiation as 
a function of magnetic latitude and radial distance. Again the 
threshold is varied as (I //0 s to correct for the expected radial varia- 
tion in the power flux. Note the shadow zone extending from about 
40° magnetic latitude at 3.0 R t to about 10° magnetic latitude at tO.O 
R*. 


cutoff coincides closely with the rapid increase in the plasma 
density that occurs at the plasmapause. Figure 6 shows a low- 
altitude Imp b pass selected to illustrate this cutoff at the 
plasmapause. The plasmapause in this case was identified from 
the abrupt change in the low-frequency (<300 Hz) electric field 
interference generated by the spacecraft solar array (see the 
discussion by Gurnett and Shaw [1973]). Figure 8 shows that 
the kilometric radiation detected during this pass disappears 
abruptly as the spacecraft crosses the plasmapause at 1913 UT. 
This abrupt termination is believed to be due to a propagation 
cutoff that occurs when the plasma frequency f p exceeds the 
wave frequency as the spacecraft enters the plasmasphere. 
Note in Figure 8 that the cutoff in the 100-kHz channel (at 
1913 UT) occurs before the cutoff in the 178-kHz channel (at 
1918 UT). This sequence of cutoffs is consistent with the ex- 
pected rapid increase in the plasma density and plasma fre- 
quency as the spacecraft passes into the plasmasphere. 

The systematic difference between the peak (dots) and 
average (bars) intensities of the kilometric radiation observed 
during the inbound low-altitude pass in Figure 8 indicates that 
a significant amount of spin modulation (30% null-to-peak 
ratio) still exists even at radial distances as close as 2.8 R g , 
thereby implying that the source of the radiation still subtends 
a small angular size even at this low altitude. These results in- 
dicate that the kilometric radiation must originate from the 
high-latitude low-altitude regions of the magnetosphere. The 
Imp 6 spacecraft probably docs not pass through the source 
region, since as is evident in Figure 8, the orbit does not 
provide high-latitude (A* > 50°) measurements at radial dis- 
tances of less than about 3.0 R g , 

At higher altitudes (greater than about 4.0 R g ) the low- 
latitude cutoff of the kilometric radiation is not as abrupt as 
the example show n in Figure 8, and the cutoff does not corre- 
spond with the local plasmapause location. As is shown by 
Figure 7, there appears to be a 'shadow zone’ near the 
magnetic equator extending out to radial distances of about 
10-15 R t , The existence of this shadow zone is further con- 
firmed by the fact that terrestrial kilometric radiation is almost 
never detected by the University of Iowa plasma wave experi- 
ment on the S J -A satellite, which has an orbit near the 


magnetic equator even though the spacecraft often crosses into 

the region beyond the plasmapause to radial distances of 5.24 

A*. 

To determine the angular distribution of the kilometric 
radiation, as would be observed far from the earth, the fre- 
quency of occurrence has also been determined as a function 
of magnetic local time (MLT) and magnetic latitude. Magnetic 
coordinates are used because of the expected geomagnetic con- 
trol of the source. To avoid effects due to the propagation 
cutoff at the plasmapause, we have used only measurements 
obtained at radial distances greater than 5 R t The threshold 
for counting events is again varied according to the relation 

threshold ■ (-*) X (7.35 X 10" u ) W* m'* Hz' 1 

to correct for the expected variation in the power flux with 
radial distance. The results of this investigation, using 2 years 
of Imp 6 data from the 178-kHz channel, are shown in Figure 
9. The limits of the latitudinal coverage provided by Imp 6 are 
indicated by the solid lines at the outer boundaries of the 
shaded region in this diagram. 

The frequency-of-occurrence contours in Figure 9 show that 
in the northern hemisphere the kilometric radiation is confined 
to a single region with a distinct cone-shaped equatorward 
boundary. A similar region with a cone-shaped equatorward 
boundary is alio evident in the southern hemisphere. Near 
local midnight the two cone-shaped boundaries appear to 
merge, and the radiation is detected at all magnetic latitudes 
sampled by Imp 6, although there is a reduced frequency of oc- 
currence near the magnetic equator. On the day side of the 
earth (from about 6.0 to 12.0 hours MLT) the radiation is 
observed only at very high magnetic latitudes: A m > 45° in the 
northern hemisphere and A m < -45° in the southern 

IMP-6, ORBIT $2 
FE& 16, 1972 




Fig. 8. Low-latitude Imp 6 pass illustrating the propagation cutoff of 
kilometric radiation near the plasmapause. 
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hemisphere. In the looal midnight region the frequency of oc- 
currence docs not show any tendency to decrease at high 
latitudes. From about 12 to 20 hours MLT, however, a distinct 
latitudinal maximum exists in the frequency of occurrence, 
varying in location from about \ m * 30° at 20 hours MLT to 
about \ m * 45° at 12 hours MLT. This latitudinal maximum 
suggests that a poleward minimum probably exists in the fre- 
quency of occurrence over the polar cap regions. 

Correlation With Aurora 

Because the terrestrial kilomctric radiation appears to be 
coming from low altitudes in the auroral zone, wc have in- 
vestigated the relationship of this radio noise to the occurrence 
of aurora by using auroral photographs from the U.S, Air 
Force Da pp satellite. The Dapp spacecraft is in a sun- 
synchronous dawn-dusk polar orbit at an altitude of 830 km. 
An optical scanner on the spacecraft provides a synoptic view 
of almost the entire nighttime auroral oval on each polar pass. 
It is found that the occurrence of intense kilomctric radiation 
is closely associated w iih the occurrence of aurora. This con- 
clusion is based on a study of about 150 Dapp auroral 
photographs (one photograph per orbit) obtained during 
January 1973. Because of the difficulty in providing \ quan- 
titative auroral index from the Dapp photographs the results 
of this study arc qualitative. Whenever a bright extensile 
auroral display occurs in the Dapp photographs, intense 
kilomctric radiation is always detected by Imp b if the 
spacecraft is located in a favorable region for receiving this 
radiation. When no auroral light is evident, the kilomei no 
radiation is usually weak or undetectable. 

To illustrate the observed relationship between the aurora 
and the kilomctric radiation, a particular day, January 25. 
1973, has been selected for discussion. This day was selected 
both because this day is representative of the relationships 
observed during other periods and because the Dapp auroral 
photographs for this day have previously been published by 
Snydtr er at. (1974) and arc available for comparison. Figure 
10 shows the envelope of the ground magnetogram records (H 
component) for this dav and the power flux in the 178-kH/ 
channel of Imp 6. The difference between the upper and the 
lower magnetogram envelopes in Figure 10 is the auroral clcc- 



l I;* ‘j IVlfcVJIl.src OCwin fCiiCC »'l li‘ 1 1 1 1 1 1 k • ■ ; K c! ‘i i. .i\ 

a (unction ol magnetic latitude and magnetic local lime Again i tic 
threshold is \jried a* (I R)* to correct for the expected radial varia- 
tion in the power flux \me the cone-shaped equalOfward boundaiy 
of ihc emission regions m the northern and southern hemispheres. 


trojet index AE< frequently used as a measure of auroral sub- 
siorm activity. 

The only significant activity evident in the Dapp 
photographs from 0000 to 1000 UT occurs on orbit 1089 (sec 
the paper by Snydtr tt at. (1974) for the Dapp photograph 
from this orbit). The aurora observed during orbit 1089 is 
associated w ith the weak magnetic activity from about 0200 to 
0400 UT, and a corresponding small enhancement in the 178- 
kHz power flux is evident in Figure 10. 

The first major auroral substorm activity on January 25, 
1973. starts at about 1000 UT. The Dapp auroral photographs 
obtained during this substorm are shown in Figure II. The 
magnetic pole in each of these photographs is located near the 
top center of the photograph, dusk being on the left and daw n 
on the right (sec the paper by Snydtr tt at. (1974) for further 
details). The photograph for orbit 1093, which was taken at 
about 0940 UT (before the onset of the substorm), shows es- 
sentially no auroral activity. No kilomctric radiation is 
detected in the 178-kHz channel at this time. The next 
photograph, that for orbit 1094, which was taken .it about 
1125 UT (near the time of maximum magnetic disturbance), 
shows an extensive region of bright auroral light emission ex- 
tending along the entire auroral oval from dawn to dusk. 
Several bright arcs, called discrete auroras, are evident on the 
poleward boundary of the auroral oval extending from local 
early evening, in the upper left-hand cornet, around to local 
midnight in an almost continuous band. In the local midnight 
region, equa'orward of the discrete arcs, a broad band of 
diffuse aurora is also evident extending beyond the lower edge 
of the photograph. The bottom panel of Figure 10 shows that 
very intense kilomctric radiation (*-5 X 10 ‘ 4 W m * Hz 4 ) 
is observed by Imp b simultaneous with the auroral light 
emissions observed by Dapp on orbit 1094. On the following 
Dapp photograph, taken on orbit 1095, the discrete arcs have 
completely disappeared, and the 178-kHz kilomctric radiation 
has correspondingly disappeared. A small band of diffuse 
aurora, however, is still seen near the lower edge of the 
photograph. 

The second major substorm activity on January 25, 1973, 
starts at about 1330 LIT. The next Dapp photograph, that lor 
orbit 1096, which was taken at about 1440 UT, again occurs 
near the time of maximum magnetic activity, and an extensive 
region of bright auroral light emission is evident. Figure 10 
shows that again, in association with the aurora, very intense 
kilomctric radiation ( '3 x 10 u \V nr* Hz ') is observed bv 
Imp 6. On the next Dapp orbit, 1097, the kilomctric radiation 
has decreased to near the receiver noise level, and the auroral 
photograph for this orbit shows that the aurora has corre- 
spondingly disappeared. 

The third major aurorai substorm activity on January 25, 
1973, starts at about 1950 VT. The Dapp photographs ob- 
tained during this substorm are shown in Figure 12. The 
photograph for Dapp orbit 1099, which was taken at about 
1805 UT (before the onset of the substorm), shows no signifi- 
cant auroral activity, and no kilomctric radiation is delectable 
by Imp b at this time. The next pnoiograph. that for Dapp or- 
bit 1099, which was taken at about 1955 UT (during the period 
of increasing magnetic activity associated with the expansive 
ph.'s* of the MihvtormV shows 1 small b> - -*ht discrete arc in {he 
•! ev 1 I his i • u 1 * i '•••i'eran;' 1 f v . ■ ,iim iclc .jo occii: - 

at the onset of a period of intense kilomctric radiation On the 
following Dapp photograph, that for orbit 1 100. which was 
taken at about 2135 UT* a moderately bright discrete arc is 
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Fig, 10. The 178-kHz power flux observed by Imp 6 and the corresponding ground mugnetogrum envelopes for January 
25, 1975. Three mam periods of magnetic substorm activity occurred during this da\ (IOOO-I23U UT, (330-1530 UT, and 
1950-2300 UT), and each of these substorms is associated with a period ol intense kilometric radiation. 
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seen, and a broad region of diffuse aurora is evident in the 
local midnight region. Moderately intense kilometric radiation 
W nr* Hr* 1 ) is also detected by Imp 6 at this time. 
Both the magnetic activity and the 178-kHz power flux are 
decreasing, probably indicating that this photograph was ob- 
tained during the recovery phase of the substorm. On the next 
Dapp orbit, 1 101, both the discrete aurora and the kilometric 
radiation have disappeared. The band of diffuse aurora is still 
evident, though w ith reduced intensity, near the bottom of the 
photograph for this orbit. 

These data show that the kilometric radiation detected by 
Imp 6 is closely associated with the occurrence of aurora in the 
Dapp photographs. The association w ith aurora is in fact to be 
expected, since Dunckel ft at. [1970] showed that the occur- 
rence of kilometric radiation (referred to in their study as high- 
pass noise) is closely correlated with the AE index. However, 
the Imp 6 Dapp comparisons now show th it the kilometric 
radiation is mainly associated with the discrete arcs found at 
high latitudes in the local evening. The kilometric radiation 
docs not appear to be as closely associated with the diffuse 
aurora observed at lower latitudes near local midnight, since 
the diffuse aurora is sometimes evident in the Dapp photo- 
graphs after the kilometric radiation has disappeared (as is 
true in orbits 1095 and 1101). 

Discussion 

Substantial evidence has been presented showing that the 
terrestrial kilometric radiation detected by Imp 6 and 8 is 
generated at loss altitudes ( R <. 3.0 R t ) near the earth in 
association with discrete auroral arcs. Since this radio emis- 
sion occurs at frequencies much greater than either the plasma 
frequency or the electron gy rofrequcncy in the outer 
magnetosphere, it is not surprising that the radiation is 
generated at relatively low altitudes, because only in this 


region are the characteristic frequencies of the plasma com- 
parable to the frequency of the radiation. At low altitudes the 
propagation and the generation of the kilometric radiation are 
strongly influenced by the propagation cutoffs produced by the 
ionospheric plasma. Figure 13 shows a model of the expected 
variation of the plasma frequency f r (proportional to the 
square root of the electron d nsilv) and the electron gyrofre* 
quency f 9 as a function of the geocentric radial distance for a 
representative auroral field line ( Z. = 8). The polar ionospheric 
model used to compute the plasma frequency is that of Banks 
and Holztr (1969). The electron density is given by Banks and 
Holder only for R < 2.0 R € . The electron density used for R > 
2.0 R f is a qualitative extrapolation of Banks and Holzcr's 
model to an asymptotic density of about I el cm~ a at large 
radial distances. 

Tw o propagation cutoffs occur for the frcc-space elec- 
tromagnetic modes propagating in a plasma [Stix, 1962). The 
left-hand-polarized ordinary (I, O) mode has a cutoff at the 
plasma frequency f ps and the right-hand-polarized extraor- 
dinary (/J. A) mode has a cutoff at a frequency given by 

/— - </./ 2) + l(/|/2)* + f,T' 

These propagation cutoffs are indicated by the crosshutched 
lines labeled (/?, X) cutoff and (£.. 0) cutoff in F igure 13. These 
cutoffs represent the low-frequencv limit of the elec- 
tromagnetic modes that cun propagate freely away from the 
earth and therefore are the altitude limits above which the 
kilometric radiation must be generated. Figure 13 shows, for 
example, that at a frequency of 178 kHz the minimum radial 
distances at which the right- and lefl-hand-polari/ed modes 
can propagate arc about 2.5 and 1.8 R f , respectively. At pres- 
ent, Iht polarization of the terrestrial kilometric radiation has 
not been determined, although such measurements arc possi- 
ble wiih the University of Minnesota plasma wave experiment 
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on Imp 6(P. Kellogg,' personal communication. I9 7 3). and so 
the mode of propagation is not known. Since the udialion is 
almost certainly emitted by electrons, which rotate around the 
magnetic field in the right-hand sense, it is considered highly 
likely that the kilometric radiation is emitted in the right-hand- 
polari/ed (/?. X) mode. 

Regardless of the mode of propagation the observed spatial 
distribution of the kilometric radiation can be understood 
from the ray paths of the emitted radiation. Figure 14 il- 
lustrates the expected ray paths for electromagnetic waves 
generated at relatively low altitudes on an auroral held line 
The surface labeled ‘propagation cutoff surface* in this illustra- 
tion is the three-dimensional surface defined by the radial dis- 
tance of the propagation cutoff for a particular mode and a 
fixed frequency. This surface has a similar shape for both 
modes of propagation, and so only one cutoff surlace is shown 
in Figure 14. At magnetic latitudes of less than about 45° the 
cutoff surface tends to follow the contour of the plasmaspherc 


boundary because of the rapid increase in the plasma density 
(hence an increase in f p and /*.<,) at the plasmapausc. At 
higher latitudes (outside the plasmasphere) the cutoff surface is 
located at lower altitudes and is determined by the parameters 
of the polar ionosphere (Figure 13). 

Since the index of refraction goes to zero at a propagation 
cutoff \Stix, 1962), there is a strong tendency for the ray paths 
to be refracted away from the cutoff surface (Figure 14). This 
tendency is strongest for waves generated close to the cutoff 
and decreases as the generation region moves to higher 
altitudes above the cutoff point. The general effect of this 
refraction, when a distribution of emitted wave normal direc- 
tions is considered, is to direct the radiation into the interior 
of a conical regior whose axis is aligned roughly normal to 
the propagation cutoff surface The half angle of this cone 
depends strongly on the altitude of generation above the 
cutoff surface (Figure 14). 

The observed angular distribution of the kilometric radia- 
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Hg 1 1 The Ojpp auroral photograph* obtained during th" iitnI two period* ol major *uh*torm aetivitv in I igure 10 
Note that the kilometric radiation appear* to he more closcl) related to discrete auroral aro than to the dillu*c aurora. a> i% 
true in orbit KN5. for which a dilTu>e aurora »* present near loval midnight hut no kilometric radiation in evident 
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lion (I igurc 9) c.m large!) be cxplai :cd from the conical 
distribution of rav pith* illustrated n I I'Mire 14 anil iho 

nMIui) ot thv soi.u* l is well k.*»wi t h i: vw-\ 

bright discrete auroral arcs arc most pronounced in the loejl 
evening | ika>oJu. I9t>s. SnvJer a jl . 1974) If the kilometric 
radiation is generated tn electron precipitation associated with 
discrete arcs in the local evening region, it is evident 
from the ray paths m figure 14 that the radiation can he 
observed only at very high magnetic latitudes in the locai 
morning, in agreement nh the Imp 6 observations in 
I igurc 9 In the local c.emng the radiation should he ob- 
served at essentially all latitudes, provided that the obscrv 
ing point is beyond the shadow /one produced by the 
plasmasphere boundarv, again in agreement with the Imp to 
observations. 

At a radial distance of 30 H t the terrestrial kilometric radia- 
tion is found to have a maximum average power flux (IS oc- 
currence) of about 10 14 \\ m * H/ 1 at 178 kHz Hy means ol 
this power flux and on the assumption that the effective 
bandwidth of the emission is 300 kH/ and that the radiation is 
emitted umformlv over a solid angle of about 6.5 sr (estimated 
from figure 9), the total power radiated is about 7.0 V 10* \N 
Since the solid angle used to calculate the total radiated power 
is based on the average solid angle at a relauvelv low power 
flux, :t is possible that the instantaneous solid angle of the 


emitted radiation may be substantially smaller when high in- 
tensities are observed The solid angle wan K determined as 
v irately bv comparing the power flux simultaneously at two 

or more points The preliminary result ol comparing 
simultaneous Imp 6 and 8 data is that comparable peak power 
fluxes are observed at widclv different locations, provided that 
both spacecraft arc within the region where the radiation has a 
high probabilitv of occurrence (f igurc 9) The»e comparisons 
indicate that the radiation is emitted over a large solid angle 
event at high intensities and that the peak total power radia- 
tion is of the order of 10* W f urther analvsis of simultaneous 
Imp 6 and 8 data should provide a firm determination of the 
total radial ed power 

The maximum power dissipated bv charged particles in the 
aurora during an auroral substorm is about 10“ \N ( ikasofu, 
1968] If the corresponding maximum power of the kilometric 
radiation is I0 # \N . then the efficiency with which this radiation 
is generated must be about \ c r. from all present knowledge ol 
magnetosphcric radio emissions the generation of terrestrial 
kilometric radiation represents a very efficient conversion of 
charged-particle cncrgv into radio emission 

Since electromagnetic radiation occurs abov * the plasma 
frequency in a wide v.mctv ofphvsical situation for example, 
m type 3 solar radio noise bursts |M//d. 1 9501 .no in Jovian 
dccamctric radiation [Marwick. I%7), it is i*. considerable 
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I tg 13 Poljr ionospheric model shoeing ihe expected radial 
variation of the cutoff frequencies f r and lor the left* and right- 
hand-polarized frcc-xpaec electromagnetic modes The upper- and 
lower-frequence limits of the terrestrial kilometric radiation can he ex 
plained if the radiation is generated be coherent csclotron radiation 
from energet.c auroral electrons 

general interest to establish the origin of the terrestrial 
kilometric radiation in this case it should be possible to make 
considerable progress toward idcntifving the basic mechanism 
involved, since a great deal is known about the electron cncrg> 
distribution and intensities associated with auroral arcs and 
about the basic plasma parameters in the generation region 
Discrete auroral arcs have been direct 1> associated with in- 
tense ’inverted V* electron precipitation bands observed b\ 
low -altitude polar-orbiting satellites | trank and Ackerson, 
1971; Ackerson and trank. 1972) Because of the observed 
association between the terrestrial kilometric radiation and 
discrete auroral arcs it is almost certain that the energetic elec- 
trons in these inverted V events are dircctl) responsible for the 
kilometric radiation. The inverted V electron precipitation 
events have fluxes of up to 10* cl cm * s 1 sr 1 and maximum 
energies of about 10 kcV Detailed energv spectra for these 
events arc given bv Frank and Ackcson (1971). 

Two general mechanisms can be considered to explain the 
generation of the terrestrial kilometric radiation (I) the noise 
ma> be generated bv incoherent radiation from cncrge'ic elec- 
trons. or (2) the noise mav be generated bv a coherent plasm i 
mstabilitv Because of the verv h»gh cffk’.cncv with which the 
kilometric radiation is gei crated it is considered verv unlikclv 
that this noise is produced bv an incoherent mcch inism \ 
rough calculation shows thit the power radiated bv incoherent 
cyclotron radiation from energetic auroral electrons is too 
small bv a factor of about 10* Similarly . the power radiated bv 
incoherent Cerenkov radiation [Taylor and Shannon. |9”4) 
and b> incoherent gvrotvnchrotron radiation [Frankel, IM7J) 
appears to be much too small to account for the observed in- 
tensities of the kilometric radiation 

What is needed to explain the terrestrial kilometi raduilmn 
is a suitable mechanism for providing coherence between the 
radiating electrons in order to increase the radiated power (bv 
a factor of V\ where N is the number of elections that arc 
MuH me ill p i .-*ci K*vii li* *.» c\; . i "v l«»v .*» . :r. 

radiation, *. It.* i mav in Lut Pc vgiy siiitiLi to i*is u umii.u 
kilometric radiation. Scarf ||9”3| has suggested that a purelv 
electrostatic plasma instab'lits that occur* at a frequenev of 
about 3 fi : mjv org .m:c the phase of the energetic electrons 


in the Jovian magnetosphere, thcrcbv greatly increasing the 
power radiated bv these electrons This same mechanism had 
also been proposed bv Gurncti and Shan (1973) to explain the 
generation of electromagnetic waves trapped in the 
magnetosphere above the local plasma frequency. It is not 
known whether electrostatic emissions at 3/ fl /2 actuall) occur 
in the region where the kilometric radiation is generated, 
because Imp 6 docs not go through this region (sec the trajec- 
tory in F igure 8. for example) However, these electrostatic 
emissions do occur over large regions of the magnetosphere 
[Kennel ei al . 1970) and arc expected in regions of field-aligned 
currents associated with discrete auroral arcs II the kilometric 
radiation is generated at 3/ g /2 bv this mechanism, then a sim- 
ple explanation arises for the observed bandwidth of the radia- 
tion f igure 13 shows that th** riphl-hand-polun/cd frce-spjce 
mode cannot propagate at a frequenev less than the (R. X) 
cutoff" at If the radiation is emitted as right-hand- 

polari/cd electromagnetic waves it 3/ g 2. then this radiation 
can onlv propagate away from ire generation region in a 
limited frcqucnc) range, from about >0 1 M/ to 1.2 MHz lor 
the model in Figure 13 

To explain the intense dccametric radio emissions associated 
with Jupiter’s moon lo, GoIJreuh and Linden- Bell |19b9) have 
proposed a coherent cvclotron mechanism for directly 
generating intense electromagnetic radiation from a beam of 
weakly relativistic electrons This mechanism mav also be able 
to account for the main characteristics of the terrestrial 
kilometric radiation, since mans similarities exist between the 
terrestrial kilometric radiation and the Jovian dccametric 
radiation These similarities include the following 

1 In both cases the radution appears tc be associated w ith 
magnetic field- jligncd beams of electrons with energies of the 
order of tens of kcV. 

2 In both cases the frequenev of the radiation appears to 
he closely associated with the electron g>rofrequcnc> (hence 
the magnetic held strength) in the emitting region 



h «g 14 Qualitative xketeh of the rav paths of dcctroMagnetic 
radiation emitted at low altitude* jnd fixed frequent.* along an auroral 
field line Because the refractive indcs foe* to zero at the propagation 
cutoff, there i* a strong tendency for the rav paths to be refraeted up 
ujrd a**av from the propagation cutoff surface Ihe propagation 

- ri, i* .id-* o 

accounts tor the low -lat.tudc eutofl e* ident in t iguc 1 Also, note tnai 
radiation from the local evening ear reawh the lo*a! morning onU at 
vers high magncliv latitudes, ir agreement with the observed angular 
distribution in I igurc ^ 
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3 In both cases the angular distribution of the emitted 

radiation is as«i«ciat%d with .1 distinct cone-shaped bourutarv 
th.it is at .» large angle to the nugnetts Held ilifCstion in ilu 
emitting region 

4 In both eases the total emitted power (10* \X and 2 X IIP 
NX \ and field-aligned currents (UP A in both eases) are quan 

t it at ivcly similar. 

It is interesting to note that the coherent cyclotron 
mechanism could also account for the primary frequency 
range of the kilomctric radiation, since the resonance energy at 
which the emission occurs decreases rapidly as the ratio ol the 
electron plasma frequency to electron gyrofrcqucncy, f p / g . 
decreases (S Shawhan. personal communication. 1^74) On 
the 'sumption that the number of eicctrons in the auroral elec- 
tron beam increases with decreasing energy, the maximum 
growth rate, and hence the intensity, occurs where the ratio 
/,, /* is a minimum; this is at a frequency of about 150 kH/ lor 
the ionospheric model used in Figure 13. 
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Eleclrostatic and Electromagnetic Turbulence Associated 
With the Earth's Bow Shock 

Paul Rodriclez and Donald A. Gurnett 

Department oj Phwics and Astronomy. L'niverstix of Iowa, Iowa City. Iowa 52242 

The electric and magnetic field spectral densities ol plasma waves in the earth s how shuck have been 
measured in the frequency range 20 H/ to 200 kHz b\ using two ih channel spectrum analyzers on the 
•mp 6 spacecraft The electric field spectrum in the bow shock consists ol two dishful components one 
component has a broad peak typically centered between 200 and KUO Hz vvith an average (5. 1 2-s lime con 
slant) spectral density at the peak ot about 10 * \ m • H/ and the other component increases 
monotonically with decreasing frequency approximate!) as t ■ * • and has an average spectral densitv 
of about 3.0 x 10 * \ 2 m 2 H/ 1 at )b 0 Hz I he magnetic field spectrum in the >houk has on!) one com- 
ponent that increases monotomcall) with decreasing Ircquencv approximate!) as / * and has an up- 
per cutofT frequenev near the local electron gyrolrequcncy . 1 his magnetic field speurum appears to be 
associated with the monolomc component ol the electric field spectrum 1 he electric to magnetic energy 
density ratio t f **, of this noise is about 10 1 to 10 \ w hich is consistent w uh the energv densil) ratio ex- 
pected for electromagnetic whistler mode waves in the bow shock The broad peak m the electric field 
spectrum between 200 and 800 H/ has a large electric to magnetic energv densitv ratio. " It) to IU\ in- 
dicating that '.his component consists ot almost purely electrostatic waves. Electrostatic noise with a spec- 
trum similar to the turbulence in the shock but with lower intensities is observed throughout the 
magnetosheath region downstream ot the shock This magnetosheath electric held turbulence often in- 
cludes man> bursts with a distinct parabolic Ircquencv -time variation on a tune scale ol a lew seconds. 
Spin modulation measurements of the electric field direction show that the electric field vectors m both the 
shock transition region and the magnetoshcath region are preferentially oriented parallel to the static 
magnetic field direction. The electric held of upstream electron plasm a oscillation* also is oriented parallel 
to the static magnetic field. 


A basic problem of shocks in collisionlcss plasmas is to iden- 
tify and understand the dissipation mechanism that occurs in 
the transition region connecting the upstream ard downstream 
states. In the absence of binary collisions, dissipation must oc- 
cur through collective coulomb interactions of the charged 
particles. This results in the self-consistent generation of a tur- 
bulent spectrum of electrostatic waves that stochastically 
accelerates the charged particles. Experimentally, this is often 
described in terms of an anomalous' or elTectivc resistivity lor 
Ohm’s law, E = tj*J. through which turbulent electric fields 
heat the plasma The earth’s bow shock provides a very con- 
venient steady state laboratory for the stud) of high Mach 
number collisionless shocks Electron and proton velocity dis- 
tributions measured in the solar wind and magnetosheath near 
the bow shock indicate that strong thermali/ation occurs in 
relatively thin regions within the shock structure {Montgomery 
el al.. 1970, Fornusano and Hedgecock. 1973a. b\. 
Magnetometer measurements of the magnetic field in the bow 
shock up to 10 Hz show a broad turbulent spectrum 2-3 orders 
of magnitude above the interplanetar) spectrum [Olson el al . 
1969. Holier el al , 1966, 1972). Electric field spectra in the 
range 560 Hz to 70 kHz [Fredricks el al . 1968. 1970a. b\ show 
electrostatic turbulence in the shock strongly conelated with 
magnetic field gradients, indicating the presence ol some form 
of current-driven instability [*>u and Fredricks. 1972). 

In this report wc present some simultaneous measurements 
of electric and magnetic field spectral densities in the bow 
shock as obtained with the University of Iowa pljsm,i wave ex- 
periment on the Imp 6 spacecraft. The frequency range of the 
plasma wave detector. 20 Hz to 200 kHz. covers most ol the 
characteristic plasma frequencies for electrons and protons in 
average solar wind conditions Electric fields are measured 
with long dipole antennas ( ^ 100 m tip to tip) with high sen- 
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sitivity. of the order of I nV m. Magnetic fields are measured 
with single-turn loop antennas. 

The electric field measurements of Fredricks et al |!9h\| 
were obtained with short dipole antennas (effective length o:‘ 
0 5 ni) on the Ogo 5 spacecraft, which are less sensitive than 
the long Imp 6 antennas (the ratio of effective lengths is ^ 1 00) 
To prov ide a basis for comparison between the Imp b and the 
Ogo 5 measurements. Imp b also has a short dipole antenna 
(elTectivc length of 0.38 m). 

The Imp 6 spacecraft was launched on March 13. 1971. with 
initial orbit parameters as follows: period, 4 18 days: perigee. 
6614 km; apogee. 212.269 km ( ^ 34 R r ); inclination. 28.7°. The 
satellite is spin stabilized with a* spin vector perpendicular to 
the ecliptic plane and pointing toward the south celestial pole 
and with a nominal spin period of I l.l s. 

The measurements of the present study were obtained dur- 
ing the first 30 orbits, covering the noon to dawn quadrant ol 
local time During this time, from March 17. 1971. to July 15. 
1971. the solar wind conditions were usually relatively quid 
with intermittent noisy periods as indicated by daily average 
values of kp The overall average kp was about 2.0 In 30 or- 
bits the spacecraft would have to cross the shock at least 60 
times, but multiple crossings (due to the oscillatory motion ol 
the bow shock structure past the spacecraft) have increased 
this number to over 150. 

Experiment Description 

Mec'ric antennas The spacecraft has three mutually 
perpendicular long dipole antennas identified in the spacecraft 
frame as ± V. ± Y. jnd t / 1 he spacecraft spin vector is in the 
+ Z direction, and the \-> plane is parallel to the cJipiu 
plane The antennas are formed from prestressed conducting 
ribbons th.it assume a tubul.ir shape is they are extended out- 
ward from the spacecraft \n insulating material covers all K/ 
the outer 16 8 m ol the antennas I xtcrisions of the untcMr.i* 
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were made in seven steps over the time interval of the first nine 
orbits. The final lip-to-lip lengths are as follows’ l\ - 54.0 m, 
/:> ^3.2 m, and A. * * 7.7 m. The elleclive lengths lor the long 

antennas arc taken as one-hall the tip-to-tip lengths. 1 he short 
dipole antenna is attached to the magnetometer boom and 
oriented in the / direction. Two spherical wire cages at the 
ends of insulating rods form the elements of the short dipole 
antenna, its dice live length thus being (UK m. This antenna 
was designed to serve as a backup to the long antennas and to 
provide the measurements at a dilTcrent e license length. 

Mtignctic antennas. A system of three orthogonal loops at 
the end of a boom forms the magnetic antennas [ \f y% ,W V . 
A/.*). They are oriented to conform to the coordinate system 
deliocd by the long electric antennas, Tach loop is nude of a 
single turn of aluminum tubing and has an area of O.SI nr. 

Spectrum anal v:er\\ Two lo-channcl spectrum analyzers 
( A and B) arc used to provide spectrum measurements. Tach 
spectrum analyzer covers the frequency range from 20 Hz to 
?00 kHz with, foui fillers per decade of frequency. The tiller 
bandwidth* range from about 20'\* of the center frequency at 
low frequencies it) about 10T at high frequencies. Tach tiller is 
connected to a logarithmic receiver with 100-dB dynamic 
range and 10-yV sensitivity. The receiver output is propor- 
tional to the logarithm of the input voltage. By using the long 
electric antenna, electric fields as low as 0.2 jiV m can be 
detected The magnetic field sensitivities depend on the wave 
frequency and range from 2.0 m> at 3t> Hz to about 10.0 at 
16.5 kHz. 

In the usual mode of operation, analyzer A is connected to 
the t.\ antenna, and analyzer li is connected to the A/* anten- 
na. However, on command, each analyzer can be switched to 
any of the seven available antennas. In the high -rate data 
sampling mode the 32 analyzer channel;: are sampled in rapid 
sequence once every 5.12 s lor average and peak outputs. The 
peak measurement gives the maximum receiver output over 
the 5.12-s interval between samples. I he time constants are 
5.12 s for the average measurement and 0.10 s lot the peak 
measurement. A complete set of average and peak spectrum 
measurements is obtained for all channels once every 5.12 s 
and is called a snapshot. A snapshot is the basic data unit for 
the spectral density calculations presented in this paper. In ad- 
dition to the spectrum measurements, there r a rapid-sample 
mode in which a given channel is sampled every 0.3? s. The 
rapid-sample measurements cycle through eight spectrum 
analyzer channels in a fixed sequence. 128 consecutive samples 
thus resulting from a given channel. 

Shortly after launch it was determined that intense low- 
frequency (below I kHz) electric field interference was being 
produced by the spacecraft solar array. The main component 
of this noise is strongly spin modulated and is due to voltage 
transients caused by the shadow of the magnetic antenna 
boom and loops moving across the solar cell panels. The near 
U relationship between the spacecraft spin period (II. I s) 
and the sampling interval (5. ! 2 s) means that noise contamina- 
tion in the peak measurements occurs in alternate snapshots 
and is easily identified 

Wide band receivers, Two wide band receivers provide 
broadband coverage over the ranges 10 Hz to I kHz and <»5U 
Hz to 30 kHz. These analog signals are used to reconstruct 
analog frequency -time spectra for studying cutoffs, res- 
onances. and other wave characteristics that require good 
frequency - lime resolution. 


Pt asm a NV wt Spectra in the Bow Shoc k 

iienerat characteristics . f igure I illustrates the electric and 
magnetic field intensities typically observed in a bow shock 
crossing with the imp 6 plasma wave experiment. Average and 
peak electric and magnetic field amplitudes are shown as a 
function of universal time for seven channels of both spectrum 
analyzers. The average field amplitudes are indicated by ver- 
tical lines, and the peak field amplitudes, bv dots, The constant 
level for the peak measurements in the 36- Hz and 120-Hz elec- 
tric field channels is caused by the previously mentioned in- 
terference from the solar array. The spacecraft crosses the bow 
shock, passing from the magnetosheath into the solar wind, at 
about 1048 l ! T, as is indicated by the sharp enhancement in 
the electric field strength above the average levels of both the 
magnetoshcath and the solar wind at all frequencies below 
about 10.0 kHz. The electric field noise in the bow shock 
typically extends over a very broad frequency range, usually 
from 36,0 Hz, which is the lowest frequency measured, to 
greater than 10.0 kHz. In some cases, electric field noise 
associated with the bow shock has been detected up to 56.2 
kHz. 

The regions upstream and downstream of the bow shock are 
distinguished by their correspondingly low and high levels of 
electric field noise. In the magnetoshcath the peak clcctnc field 
spectral density in the 1.00-kllz and 3.11-kHz channels is 
typically about 3 orders of magnitude above the solar wind 
levels. In the solar wind the peak, and to a lesser extent the 
average, field strengths are strongly modulated at the lower 
frequencies by the solar array noise. 

Immediately upstream of the bow shock a distinct enhance- 
ment is evident in the 31. 1 -kHz electric field strength from 
about 104S ITT to 1055 UT. This noise is primarily elec- 
trostatic, since no comparable enhancement is evident in the 
31. 1 -kHz magnetic field data, and is caused by electron plasma 
oscillations at the local electron plasma frequency. Several ac- 
counts of electron plasma oscillations of this type, generated 
by electrons streaming into the solar wind from the bow shock, 
have been reported previously [Fredricks et ai, l^oN; Scarf et 
ai. 1^71; Fredricks et til.. I ^7 1 * I *472]. Fleclron plasma os- 
cillations upstream of the bow shock are observed on almost 
all shock crossings with Imp 6. 

Figure 1 shows only a slight increase in the magnetic field in- 
tensities at the bow shock. In the solar wind upstream of the 
bow shock the magnetic field intensities are below the sensitiv- 
ity threshold of the receiver in all except the lowest -fre- 
quency channel. In the magnetoshcath downstream of the bow 
shock, magnetic field fluctuations are evident in all frequency 
channels below about 1 .00 kHz These fluctuations arc usually 
most evident in the peak measurements, indicating that the 
fluctuations occur on a lime scale much less than the 5.12-s 
time constant for the average field stn nglh measurements. 
Often the magnetic tield measurements i ; the magnetoshcath 
indicate turbulence at only two or three intermediate frequen- 
cies (such as 120 Hz and 200 H/T The magnetoshcath noise 
starts abruptly at the bow shock, The magnetic field fluc- 
tuations at the shock are usually only slightly larger than those 
in the magnetoshcath. 

Figure 2 shows a double crossing of the bow shock, the first 
at about 1251 l : T and the second at about 1 252 t ■ T. caused bv 
the oscillatory motion of the shock slructutc A clean separa- 
tion of the upstream and downstream legions bv the shock 
transition occurs in this example, the upstream solar wind 
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Fig. I. A typieu! how shock crossing as detected by the Imp h plasma wave experiment. Average 
measurements (5.1 2-s time constant) are plotted as vertical lines; peak measurements lO.I-s time constant) 
arc plotted as dots. The shock transition occurs at about 104k L I The electric lield measurements licit) 
show upstream plasma oscillations at 31.1 kHz alter 1048 LT 


region being between 1251 and 1252 UT. The magnetic held 
measurements from the Goddard Space Flight Center (GSFC) 
magnetometer on Imp 6 show a clear jump in the magnetic 
held at each crossing from a steady upstream value. B x * 5 7 . 
to a downstream value. Bj ^ 20 7 . The angle between the up- 
stream held and the shock normal calculated from the model 
of Fairfield [1971] is ^(B. h) =* 92° for both crossings 
(D. Fairheld. personal communication. 1974). The bow 
shock in this case is therefore a perpendicular shock. 

Electric and magnetic held spectral densities. £*(w) and 
have been computed for 16 snapshots obtained for the 
second crossing of the shock shown in Figure 2. Each snapshot 
of data provides a complete electric and magnetic held spec- 
trum for both average and peak measurements. The electric 
held strength is determined by dividing the measured ac 
voltage at the antenna terminals by one half of the tip-to-tip 
length, any antenna impedance corrections being ignored. The 
computed electric held spectral densities for the average held 
strength measurements arc shown in the three-dimensional 
plot in Figure 3. The time axis is at an oblique angle in this 
plot, and successive spectra are 5.12 s apart. The time in- 
dicated at the bottom of the figure is the universal time of the 
hrst snapshot. For ease of reference, each spectrum is labeled 
by a snapshot number Figure 4 shows the corresponding 
magnetic held spectra for the same time interval. 

Beginning with snapshot I in figure 3. strong electric held 
noise is present in the 16.5-kH/ channel, which steadily 
decreases in magnitude as the shock is approached This noise 
is the previously mentioned electrostatic electron plasma 


oscillations associated with electrons streaming into the solar 
wind from the bow shock. Low-frequency noise associated 
with the shock begins in snapshot 3 and steadily increases in 
intensity to a maximum in snapshot 7, by w hich time the elec- 
tron plasma oscillations have disappeared. For the crossinr at 
1252 UT, the maximum rms electric held £ rmt integrated 
across the entire frequency range, from 20 Hz to 200 kH/. oc- 
curs in snapshot 7 and has a value of 8.73 x I0 4 V nr '. Up to 
98^ of the contribution to £ rmB comes from below I kHz. and 
the spectrum has a broad maximum in the frequency range 
from about 200 Hz to 800 Hz. After the seventh snapshot the 
low -frequency noise decreases in magnitude, but the 
characteristic shape of the spectrum at the shock is maintained 
through the last snapshot in the figure. Examination of spectra 
taken when the spacecraft is well into the downstream 
magnetosheath region on this and other crossings reveals that 
the shape of the magnetosheath spectrum is the same as that ol 
the shock except for variations in the low-frequency part of the 
spectrum. Thus the electric field spectrum in the shock appears 
to be carried into the downstream region. The downstream 
spectra also have a roughly periodic modulation of low- 
frequency intensities with a period of about four snapshots, or 
about 20 s. This modulation appears to be a general feature ot 
the downstream electric field spectra near the bow shock 
Periods range up to 60-70 s. 

The magnetic field spectra in figure 4 reveal the shock tran- 
sition as merely an enhancement of low-frequency noise 
Above about 3 kHz the spectral densities are dose to or .it the 
receiver noise level. The maximum rms magnetic lield iiitensit*. 
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f ig 2 A double crossing of the earth's bow shock as delected bx ihc Imp t* plasma wave experiment 
1 he how shock was \cry nearly a perpendicular shock during ihcse uovstngs 


integrated across the entire frequency range* 20 H/ to 200 kHz, 
occurs in snapshot b and has a value of 5 4^ \ 10 * Most ol 
the contribution to B, m9 comes from below IlH) Hz. 

Electric and ntagnetu field speetra in the bo* shock f or 
purposes of surveying the electric and magnetic field spectra 
for a large number of shock crossings, one spectrum that is 
representative of each shock crossing must be selected lhe 
snapshot (hat goes the maximum rms field amplitude, found 
by using the average spectral density measurements integrated 
from 20 Hz to 200 kM/. in selected as the shock spectrum 1 he 
electric and magnetic field spectra thus selected are denoted by 
£'V’),s and AHuO,* and arc referred to as the shock spectra. 

A typical shock transition as resolved b> the spectral 
measurements takes place over four or five snapshots, 
sometimes as many as 10 In the series of values of £ rm# 
calculated for a given shock crossing there is UMially only one 
maximum in £ rm# , and thus £*(*?),* is clearly defined 
However, the series of values of B ttM calculated through the 
same shock crossing may have several maximums. none ol 
which occur af the same time as the maximum in £* rma I or 
these cases wc choose as the shock magnetic field spectrum 
the one that gives the largest value of H rm9 within three snap- 
shots of the shock electric field spectrum 

From the discussion above, it ;an be seen that our deter- 
mination of the characteristic electric and magnetic field shock 
spectia is based on the snapshot in which the most intense low- 
frequency electric held noise occurs \\ c consider this to be ap- 
propriate. since the shock transition would be characterized bv 
the spectrum £**(*>)•* that represents the greatest dissipation, 
ic. the one with the greatest turbulent electric field energy 
density 

figure 5 shows the shock electric field spectrum selected lor 
the shock crossing at 12*2 II I his spectrum corresponds lo 
snapshot 7 m I igurc ) Both the peak and the average electric 
field strengths obtained during this snapshot are shown The 
noise level indicated in I igurc ? is he ambient noise level (both 
interference and natural noise) that existed in the solar wind 
just ahead of the shock The shape of both the average and the 


peak electric field spectrum is characteristic of all the shock 
spectra examined in this study However, as will be shown, the 
intensities a* a given frequency vary over 2 orders ol 
magnitude The inflection in the spectrum, at about 200 Hz in 
I igurc 5. sometimes becomes very pronounced, so that a 
broad peak develops in the spectrum between 200 and SlHi Hz 
The existence of a distinct peak in the spectrum suggests that 
this component of the electric field noise (indicated bv the 
dashed curve in Figure 5) may result from a discrete noise 
source in the wave spectrum that is broadened bv Doppler 
shifts and nonlinear interactions l he tendency for the electric 
field spectral density to continue to increase with decreasing 
frequency below about 100 Hz suggests that a second compo- 
nent also exists in the electric field spectrum varying ap- 
proximately as f * (straight dashed line in I igurc M 

lhe electric field spectrum from the peak measurements in 
f igure * is from the same 5.12-s averaging period as the 
average measurements The peak spectrum has approximately 
the same shape as the average spectrum but is shifted upward 
in intensity bv about an order of magnitude lhe large ratio 
between the peak and the average measurements indicates that 
the field strength has large (order of magnitude) fluctuations 
on a time scale less than the averaging time (M2 x) 1 he peak 
measurements give the upper bound on these fluctuations I or 
manv shocks the peak spectrum does not have a smooth shape 
like that of the average spectrum but has a more irregular 
appearance w ith several sharp maximums Most of these sharp 
maximums are grouped around two frequencies one near the 
local electron plasma I requeue', in the upstream solar wind 
and the other near the broad peak in the average shock electric 
field spectrum 

I igure b shows the shock magnetic field spectrum selected 
for the shock crossing at 1252 l 1 in I igure 2 Ibis spectrum 
corresponds to snapshot b in I igurc 4. however, in accordance 
with our selection criterion, this shock spectrum does not cor 
respond m time with the shock electric field spectrum, since in 
this »\;sc the maximum rms magnetic held mtcnsitx ocvurrcd 
slightly before (upstream of) the maximum rms electric field 




. 




Rpimu.il/ *m>Girmii Bp* Shim k Iumuiimi 


23 



»RfOUlNC> I hi I 

ORBIT 10 Rf IB I Lt 8 7 SCI AT $4 7* 

UT I/SC4S 0A> 110 At’RlL 20. 1971 

I ip \ Ihc electric field spectra. based on average measurement*, 
foi thi crossing at I2<2 It in I igure 2 Ihc time indicated is liu the 
first spectrum and the averaging time of 3 \2 s occurs between 
succeeding spectra thereafter Snapshot 7 is the shock electric field 
spectrum 

mtcnsitv Both average and peak magnetic field spectra exhibit 
a gcncrull) smooth monotomc decrease with increasing fre* 
quenev. v arsing approximate!) as/ 4 in the range from 20 11/ 
to 200 II/. with no evidence of a peak in the spectrum com- 
parable to the peak in the electric field spectrum A distinct 
steepening of the spectrum is also evident at a frequent) of 
about 2(H) H/. This steepening of the spectrum occurs at a 
frequency shghtlv below the local electron gvrofrequenev, 
which in this ease is about 330 Hz. The peak magnetic field 
spectral densitv is about an order of magnitude greater than 
the average magnetic field spectral densitv. indicating the 
presence of large fluctuations on a time scale less than 3 12 s 

In I igure 7 we have overlaid the peak and average electric 
field spectra £*(»»•),* for 3b shock crossings selected at random 
from the Imp b data to illustrate the range and vanabilit) of 
the electric field spectrum in the shock In the majoritv of cases 
these spectra exhibit the spectral shape illustrated in I igure 5 
Two distinct components are evident in the average electric 
field spectra and to a lesser extent in the peak spectra at low 
frequencies one component decreases monotonicallv with in- 
creasing frequenev approximate!) as / and the other 

component has a broad peak centered between 2(H) H/ and MM) 
11/ I he greatest variation in the spevtral shape appears to oc 
cur in the spectra with the lowed intensities, ranging from 
spcvtra that decrease monotonieallv with no evidence of a 
peak to spectra that have a distinct peak that is displaced 
toward higher frequencies t't kH/) the largest tntcnsitv 
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tig 4 the magnetic field spectra, based on average 
measurements, for the crossing at 1232 l ' in figure ? and corre 
sponding to the electric field spectra in I igure ' Snapshot b is the 
shovk magnetic field spectrum 

variation, which occurs in the range from about 2(H) It/ to 3 
kHz. is associated with the broad peak in the spectrum Ns the 
electric field mtensilv increases, starting from the lowest level, 
the peak tnitiullv becomes more pronounced until at an in- 
termediate level the mtcnsitv of the monotomc component 
starts to increase and gradual!) merges with the broad peak 
Except for the lowest intensities the main contribution to the 
rms electric field strength comes from the peak \s will be 
shown, the broad peak in the spectrum is caused bv elec- 
trostatic waves, and the monotomc component is caused bv 
electromagnetic whistler mode turbulence In this stud) the 
largest rms electric field strength encountered from the peak 
measurements is 2 3 x 10 1 V m '. Ihc largest rms electric 
field strength from the average measurements is b b X 10 * \ 
m 1 

f igure 8 shows the overlaid peak and average magnetic held 
spectra for the tb shock crossings used in I igure ’ I hese spew 
tra tend to show a monotomc decrease with increasing Ire 
qucncy. varvmg approximate!) as f * w,fl in the range front 
about 30 11/ to 1(H) H/ with clear evidence ol a steepening in 
the spectrum at about 100 2(H) H/ This steepening in the 
magnetic field spectrum usual!) occuts shghtlv below the hx.il 
electron gv rofrequenev 

Hritru to magnttii t'lrrfi i drnstlx hitio lo aid in uleit 
tifvmg the plasma w.ive modes involved in the bow dtovk tin 
bulence. we have investigated the electric to ttMgnetu kUI 
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I ig 5 The shock electric fide? spectrum t u*h> selected on the 
basis of the rms electric field amplitude I he peak spectrum obtained 
during the averaging time of the average measurements is also shown 
Ihe two disunct components in the shock electric field spectrum are 
shown bv dashed lines 
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I ig t> The shock magnetic field spectrum tor the shock 

crossing of 1252 l 1 The characteristic treijuencv dependence f * is 
present in hoih the peak and the average spectrum The spectrum 
steepens at about 200 II/. hclov the local electron gvrolrcqucncv at 
about 350 11/ 


cnerg) densitv ratio as the spacecraft passes through a shock 
f igure *) shows f he ratio of simultaneous!) measured cncrgv 
densities < t t B (where the cncrgv densities are « r * E‘ Sir and 
<* 6* Sir) at a sequence of snapshots for the shock crossing 

at 1252 UT in figure 2 The snapshot numbers refer to the 


spectra of f igures 3 ar»d 4. Because the magnetic field inten- 
sities at high frequencies (>3 kH/) are often compatible to or 
less than the receiver noise level, the magnetic cncrgv densities 
must be corrected for the receiver noise level Onlv magnetic 
field measurements that exceed the receiver noise level bv at 



I ig 7 A representative distribution ol electric held shock spectra including average and peak 
mcjsuremcnis the average spectra 'hi»v» iri.it ihe broad peak m ihcclcctnc held >pceMa Ivmhhls iiioic 
distinct as the overall intensitv id the spectra increases up to some iniermvdiaU tange ami then Kumiiw 
le>s distinct as the verv low trevjucncv elect i ic held spectral Oensiiv s.iiuralcs Ihe peak spccira au ecu 
erallv similar lo the average spectra in shape but range up lo an order ol magnitude n oic hi mtciisiiv 
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I ig 8 Representative distribution ol magnetic held shock spcciru including .twi.igc and pc.ik 
measurement concsponding to the electric held spectra ol I ipitc 7 Some ol the peak spcdi.i indicate the 
presence of distinct wave modes 


least two quantizing steps (OS dHt are used \t frequencies 
greater than about 10 kHz the magnetic field intensity is usu- 
all> too small to be measured accurate!), and so the cncrg) 
density ratio cannot be determined at these high frequencies 
As the spacecraft passes through t!«e shock, a prominent peak 
develops in the energy density ratio at about I kHz At 
snapshot ?. \yhich is the time at which the most intense rms 
electric field occurs (f igure 1). the maximum energy density 
ratioise, »* » 5 \ 10* 1 his large ratio coincides in frequency 
with the broad peak in the electric ticl 1 spectrum and indicates 
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I if t he ratio of electriy energy density to magnetis energy den 
Mty ‘or the chock classing ol I '*2 11 in I igure 2 I he low frequency 
portion ol snapshots s & .mJ * is vonsisteut wiih whistler wave* \t 
higher tiegiuncics electiost.itu noise is ihe domin.mt w.»ve mode I he 
region ol elcctrod-tiic noise teoheervcyl lo broaden toward lower Ire 
y|tic«Kus lurthsr mto ihe ir.msiuon region 


that this component of the spectrum consists of almost purely 
electrostatic yvaves 

If yye consider the loyycr frequency limit of the electrostatic 
turbulence to be given b> the frequency for yyhich t, t* I 
(indicated by the horizontal broken line in I igure *)). n is seen 
that the electrostatic noise broadens toward loyycr frequencies 
as the electric field intensity increases I here is thus an indica 
tion that as the shock is traversed from the upstream side to 
the downstream side. the electrostatic turbulence first begins at 
high frequencies and is then transferred toward lower frequen 
cics further into the transition region, where the mam shock 
dissipation occurs Only the increase to maximum mtcnviv is 
shown in I igure d, the decrease to the doyynstream state hay 
ing approximately the same curves M frequencies below 
about 120 Hz the energy density ratio remains approximately 
constant through the transition region, as it does in snapshots 
5. h. und 7, indicating that at these frequencies the shock tut 
bulencc involves a distinct electromagnetic mode 

To indicate the range and distribution ol electric and 
magnetic energy density ratios in the bow shivek. I igure 10 
shows an overtax of the energy density ratio for 10 shock 
crossings selected at random The simultaneous electric end 
magnetic field energy spectra used to calculate these ratios 
were sc I Ci ted on the basis of the maximum rms electric held in- 
tensity obtained from the average measurements Ihe energy 
density ratios for the shocks selected in I igure 10 show the 
same basic features evident for the single shock crossing in 
f igure In the frequency range above about 200 ft / the elec 
trie field energy density exceeds the magnetic field energy den- 
sity. sometimes ov a factor of as much as 10*. this feature son 
firming that the bioad peak in the electric held spectrum 
consists of almost purely electrostatic waves M frequencies 
below about 200 11/ the spectra with the lowest eiicigv density 
ratiy». in the range from 10 ' to 10 \ shy'w a yiisinui vh.me* 
in the slope, similar to that in snapshots V (v and " in I iguie 
Ihese energy ylensitv rally's correspond to the low irctnu 
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I ig. 10 A representative distribution of energy density ratios lor 
10 shock crossings selected at random from the shock el cine and 
magnetic field spectra. 

monotonic components of the electric and magnetic Held spec- 
tra. In this frequency range the only electromagnetic wave that 
can propagate is in the whistler mode. The observed energy 
density ratios. 10 3 to 10 \ are consistent with the electric to 
magnetic field ratio expected for whistler mode waves. The 
tendency for the energy density ratio to increase with in- 
creasing frequency, approximately proportional to /' 520 s . is 
also consistent with the expected variation of the whistler 
mode refractive index, hence the electric to the magnetic field 
ratio, in this frequency range. The steepening of the magnetic 
field spectrum at / * 200 Hz. evident in Figures 6 and 8. can be 
attributed to the whistler mode propagation cutoff at the local 
electron gyrofrequency. On the basis of this evidence we con- 
clude that the low-frequency monotonic components of the 
electric and magnetic field spectra are caused by whistler mode 
turbulence generated in the bow shock. 

High-resolution spectra Wide band analog spectra of the 
shock crossings at 1251 and 1252 UT in Figure 2 are shown in 
Figure 1 1 for the range 0-500 Hz. The quiet upstream and tur- 


bulent downstream regions arc clearly evident in the electric 
Field spectrum. The shock transition region is most evident in 
the magnetic spectrum. Both the electric field spectrum and the 
magnetic field spectrum show a relatively unstructured noise 
enhancement in the shock transition. In the downstream 
region the electric field spectrum shows many 2- to 3-s bursts 
that have a distinct ‘parabolic* frequency -time structure, 
sweeping rapidly downward in frequency from about 800 Hz. 
reaching a minimum of about 50 Hz. and then rapidly sweep- 
ing back upward in frequency. These parabola-shaped bursts 
are almost purely electrostatic, since no associated magnetic 
field is delected. They occur randomly in time and are 
characteristic of the downstream macnetoshcalh electric field 
spectrum. The distinctive frequency -lime structure of these 
noise bursts has never previously been reported, and this elec- 
trostatic noise appears to represent a basic new turbulence dis- 
sipation mechanism operative in the magnetoshcath. The lime 
scale of these bursts is not resolved by the 5.12-s average 
measurements in the digital data of Figure 2: however, the 
peak measurements arc indicative of the peak amplitude ol the 
bursts. 

An expanded time scale spectrogram of the shock crossing 
at 1252 UT is shown in Figure 12 for frequencies up to I kHz. 
The low-frequency electric field turbulence in the shock can be 
seen between 1252:10 and 1252:15 UT. corresponding to the 
time interval of snapshot 7 in Figure 5. The intense broad band 
electric field noise in the shock is clearly distinguished from the 
downstream region (after 1252:15 UT). in which a lew 
parabola-shaped bursts arc intermingled with the background 
noise. The most intense portion of the low-frequency magnetic 
noise occurs between 1252:00 and 1252: 10 UT (corresponding 
to snapshot 6 of Figure 4) slightly upstream of the point w here 
the most intense electric field noise occurs 

Electric Field Polxrizxtios 

Since plasma waves are usually strongly influenced by the 
static magnetic field, it is important to establish the orientation 
of the wave electric field rc’ativc to the static magnetic field. 
The wave electric field direction, projected onto the plane of 
rotation of the electric antenna, can be determined from the 
modulation of the measured electric field amplitude due to the 
antenna rotation. A null in the measured electric field 
amplitude occurs vv hen he antenna axis is perpendicular to the 
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f ig II Wide kind spectra fur the shock crossings ol I igurc 2 lor frequencies O-Sim 11/ I lu on 
bulence of the shock transition appears more homogeneous ih.m downstream turbulence lor both tk 
electric and the magnetic field Discrete noise structure characterizes the downstream regions 
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1 12. I xpandcil lime scale w uk hand spectra lor (he second shock crowing ol I inures ' and 1 1 I lie 
shock turbulence retains a homogeneous appearance, and the downstream noise shown a lew parabola- 
shaped bursts in the electric field 


electric field direction, and a maximum occurs when the an- 
tenna axis is parallel to the electric held direction. Since high 
time resolution measurements are required, rapid-sample data 
must be used tor this type of analysis. 

This method of determining the electric held direction 
assumes that the noise intensity will remain nearly constant 
during at least one rotation s). For the upstream and 

downstream waves. which often have an approximately con- 
stant amplitude for many rotations, the electric held direction 
can be determined reliably by using this technique Because the 
time required to traverse a shock is often comparable to the 
rotation period, it is more difficult to apply this technique to 
the noise that occurs in the shock. Only shock crossings that 
have an approximately constant amplitude for at least 10 s or 
more can be analyzed The number of eases that can he ana- 
lyzed is further restricted by the requirement that rapid-sam- 
ple measurements must be available in the correct frequency 
channel for the event of interest. 

Upstream electron plasma oscillations Figure 1 3 shows an 
example of upstream electron plasma oscillations for which 
suitable rapid-sample measurements are available to deter- 
mine the electric field direction. 1 he electron plasma frequency 
in this case is estimated to he about 20 kHz The spectrum ol 
the plasma oscillations is sufficiently broad that moderate elec- 
tric field intensities arc evident in (he 31. 1 -k Hz channel 
throughout the entire region prior to the shock crossing .it 
1 548 30 UT the electrostatic noise labeled precursor at .VI I 
kHz appears to be a component of the electron plasma oscilla- 
tion spectrum that has broadened to frequencies well below 
the local electron plasma frequency about 3 mm belore the 
shock is encountered Precursor effects o! this type are Ire- 
qucnlly observed in association with the bow shock, usually 
starting a few minutes before the shock is encountered 

Two periods, labeled \ and B. during which rapid-sample 
measurements were obtained are shown in I igure 1 3 1 he spin 
modulation of the electron plasma oscillations it, the 31 I kllz 
channel, starting at 1*41 2^ l T. is shown in the polar plot 
labeled \ in I igure I * I he points shown in this polar plot .ire 
the electric field strengths obtained during the rapid-sample m- 
tcrv.il and plotted radiallv outward Horn the origin according 
to the logarithmic scale shown below the plot I he polar angle 
is the ingle between the electric antenna axis and the satellite- 


sun line, measured counterclockwise as it is viewed Irom the 
north ecliptic pole (the spacecraft spin axis is peipendicular ;o 
the ecliptic plane). The static magnetic field direction, pro- 
jected onto the ecliptic plane, is at an angle On ^4 . as is in- 
dicated hv the dashed line in the polar plot Ihe magnetic heid 
vector lies at an angle of lb° above the ecliptic plane 

The points shown in the polar plot include lour complete 
rotations of the spacecraft The electric field intensities have a 
pronounced maximum when the antenna axis is parallel to the 
projected magnetic field direction and a minimum when the 
antenna axis is perpendicular to the mag n -tic field Since the 
magnetic field direction in this case is verx close to the plane o> 
rotation of the electric antenna (the ecliptic plane), it is cv tden; 
that the electric field direction of the upstream election plavv._ 
oscillations is parallel to the static magnetic field, as would he 
expected if these waves arc excited b\ electrons streaming 
along the static magnetic field Polar plot B in I igure 13 show* 
that the electric field direction of the precursor waves is ai*o 
aligned parallel to the static magnetic field Similar obser- 
vations for other shock crossings with widely varying magnctu 
field directions show that the electric field direction ol thc*e 
upstream electron plasma oscillations is always parallel to the 
static magnetic field 

Electrostatic nates in the bon shock In I igure 14 we show 
an example of the spin modulation observed for the electro- 
static noise in the how shock The shock crossing in this ea*c 
occurred near the cchptic plane at 10.3 hours ! T v% ith very qu?et 
upstream conditions TheGSK* magnetometer shows that the 
upstream magnetic field direction is very nearly perpendicular 
to the shock normal, (B. h\ * M7°. so that the bow shock :% .» 
perpendicular shock The electrostatic noise issociatcd v* .ti- 
the shock is near maximum mtcnsitv lor one complete rota- 
tion. so that a definite spin modulation pattern can he ob- 
tained 

The detailed electric field amplitude obtained Irom the 
rapid-sample data in the ' ll-kllz clcctilc field vhawiel i* 
shown *s a function ol time in the upper panel ol I «eu»c 4 
and the polar plot cor responding to the interval *v.ws. 
points a and b is shown in the lower panel I he ck\tfo*‘. 
turbulence associated with the shock transition occui* Kiwi, 
about 1 440 37 and 1440 40 l I In this same lime inuu.i 
i • SI ( magnetometer data show the magnou held u «. . 
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I ig M l pstrc.im electro* plasma oscillations .mil precursor encountered a lew minutes bclorc the 
shock crossing .it about I Mi 11 I he rapid-sample measurements \ and H pvc the spin-nunJulaied 
electric held amplitudes shown in the two polar plots lhc electric held victor ol these’ waves is 
predominant!) aligned • illel to the st.itu magnetic held 


monotonicull) from about 12 > to about 50 ■> . The solar eclip- 
tic longitude and latitude of the magnetic held direction remain 
constant at approximate!) On =* 25 5° and ■■ 45°, respec- 
tive!). through the transition The magnetic held direction, 
projected onto the plane of rotation of the electric antenna, is 
indicated b> the dashed line in the polar plot of figure 14 
The angular distribution of electric held strengths is seen to 
be ssmmctricall) distributed with respect to the magnetic field 
direction with two distinct maximum* when the antenna axis is 
parallel to the projected magnetic field direction and a 
minimum when the antenna axisis perpendicular to the static 
magnetic field Since onlv one rotation occurs in the region 
where the intense electrostatic noise occurs, it is possible that 
this apparent spin modulation max be due to a coincidental 
variation of the noise intensit) rather than a spin modulation 
effect However, the magnetic field gradient, which is expected 
to be correlated with the electrostatic noise intensit). appears 
to increase smooth!) up to a single maximum and does not in- 
dicate a variation associated with the two maximunistai about 
1440 40 I T and 1440 4b I T), which occur when the antenna 
axis is parallel to the magnetic held Thus it is tell that the 
angular distribution in the polar plot ol I igtirc 14 is represen- 
tative id I he actual distribution ol electric field directions in the 
shock Since the magnetic field in this case has an appreciable 
component perpendicular to the plane ol rotation ol the elec- 
tric antenna i*., 4 * ’). we cannot dclimtelv establish that lhc 

electric field aligned parallel lo lhc macnetic held vector. 


although this is certuini) the simplest and most obvious inter- 
pretation of the observed modulation Other similar cases that 
have been examined usuallv show definite evidence ol spin 
modulation, however, it is never as pronounced as it is loi the 
upstream plasma oscillations 1 he modulation factor is usuallv 
less than 2 lo I lor maximum and minimum amplitudes, this 
ratio indicating that wave vector directions of the electrostatic 
waves in the bow shock are distributed over a relative!) hro. d 
range of angles NV hen a definite spin modulation is cv idem, as 
it is in I igure 14. the maximum electric field amplitude in the 
shock usuallv tends lo occur in a direction parallel to the statu 
magnetic field 

tlviirosiuiii turbulence in the magneloiheulh \ s wj 
previouslv discussed, a moderate level ol electrostatic tur- 
bulence is ulwjvx present in the magnetosheath downstream ot 
the shock Since the intensit) of the magnetosheath electric 
field noise is usujllx rcljtivcl) stead) lor several rotations ol 
the spacecraft, the electric held direction can be determined 
with a high degree of confidence in this region figure I' 
shows the polar plot of a senes of rapid-sample measurements 
obtained in the magnetosheath about I min alter the shows 
crossing at 161 2 20 1' I 1 hese rapid-sample measurement* .»ii 
from the x 1 1 k H/ electric held channel ind include lour % 
plclc rotations of the spacecraft The maximum electric *'.•*! 
amplitude again occurs when the electric antenna - 
oriented parallel to i tie static magnetic held dircsiion o' 
tccted onto the ecliptic plane I The magnetic field vcetoi < 
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Kig 14 RjpiJ sampIc mcasurcmcni of electric field .it 3 II KM/ 
for the bow shock transition and downstream regions 1 he clccinc 
held fluctuations are correlated wuh magnetic field gradients in both 
the transition and the downstream region The polar plot shows the 
spin modulation of electric field amplitude for the transition region tor 
inters al a to h is the solar ecliptic longitude ol the magnehv held 
upstream of the shock 


case lies at an angle of 0* - 35° above the ecliptic plane Other 
similar cases that have been analyzed sh'>w that the electric 
firld direction of the magnetosheath turbulence is always 
oriented nearly parallel to the magnetic held direction Usually 
the electric field amplitude perpendicular to the magnetic field 
is a factor of 3-5 below the amplitude parallel to the magnetic 
field, indicating that the distribution of electric field directions 
is ralhrr closely aligned along the static magnetic field direc- 
tion (within 20* or less). 

Sl MMMtY CF RESULTS AND DISCUSSION 

Upstream of the bow shock, intense narrow band elec- 
trostatic plasma oscillations arc frequently observed b> the 
Imp b plasma wave experiment at frequencies ol 10-30 kHz 
The spectrum and intensity of these electron plasma os- 
cillations agree with the previous observations ol Fredricks et 
al |l9f>K| and confirm the mam features already known about 
these wave* The Imp b spin modulation measurements show 
that the electric held vector ol these plasma oscillations is 
oriented parallel to the local static magnetic field direction 
This electric field direction is consistent with the direction ex- 
pected il the plasma oscillations are produced bv a two-stream 
uist.ihilitv from electrons that are streaming into ihe solar 


wind along magnetic field lines that intersect the shock transi- 
tion. Broad hand electrostatic noise, referred to as a precursor, 
is also frequently observed by Imp b immediately upstream ol 
the shock. Tins broad band electrostatic noise typically ex- 
tends from the local electron plasma frequency (which is usu- 
ally at about 2(3 30 kHz) down to frequencies ol about I 
kHz. The electric field direction of these precursor waves is 
also oriented par; llcl to the static magnetic field Since these 
precursor waves appear to be closely associated with the long- 
wavelength narro v band electron plasma oscillations (thev 
have the same electric field polarization, and the upper- 
frequency limit of the precursor spectrum is the local plasma 
frequency), it seems most likely that these waves are simply 
shortcr-wavelcngth electron plasma oscillations that are 
strongly Doppler shifted downward in frequency from the 
local plasma frequency A downward shill in frequency would 
be expected for waves propagating upstream into the solar 
wind. 

In the shock transition region, two distinct components are 
evident in the electric field spectrum one component has a 
broad peak centered between 2U0 and 800 Hz, and the other 
component increases monotonically with decreasing frequency 
approximate! v as J * °* tt * The magnetic field spectrum ha* 
only a single component, which increases monotonically with 
decreasing frequency approximately as /' 4#t#l . The 
magnetic field spectrum shows a distinct steepening ol the 
spectrum, indicative of an upper cutofT frequency, at about 
100-200 Hz. Since ihe whistler mode is the only elec- 
tromagnetic mode that can propagate in this frequency range 
(above the proton gyrofrequency but below the electron gyro- 
frequency). this magnetic field turbulence must be caused by 
whistler mode waves. The steepening of the magnetic field 
spectrum is thought to be associated wnh th r whistler mode 
propagation cutofT at the local electron gyrofrequency. which 
is typically at about 350 Hz in the shock transition region. The 
monotonic component of the electric field spectrum is thought 
to be the electric field spectrum of these whistler mode waves 
The electric to magnetic field energy density ratio c f «* > 10 J 
to 10'* of the monotonic component is consistent with the 
electric to magnetic field ratio expected for whistler mode 
waves. Also the sleeper magnetic field spectrum compared 
with the electric field spectrum is expected because of the in- 
crease in the index of refraction, hence in the magnetic to the 
electric field ratio, with decreasing frequency for the whistler 
mode in this frequency range 

The broad peak in the electric field spectrum within the 
shock, centered between 200 and 800 Hz. consists ol almost 
purely electrostatic waves with t, t* > 10’ to 10V These waves 
almost certainly correspond to the electrostatic waves dis- 
cussed by Fredricks el al [1968. 1970ti. b\ and Scarf et al 
(1971), using electric field measurements from O go 5 I he elec- 
trostatic character of these waves, the general frequency range, 
and their occurrence in association with the magnetic field gr.i 
dient at the shock transition are in good agreement with the 
Ogo 5 results Detailed comparisons of the si . , c ol the lie- 
quency spectrum arc not possible, since the Ogo 5 d.it.i onlv 
provide measurements at a single frequency on a given du\k 
crossing T he only area of disagreement concerns the electric 
fie'd ampl.'ude Whereas Scar) et al (I970J quote pc k elv\0\ 
field Mrcngth* for the bow shock of about fit m\ m •* , r " 
equivalent s -kllz sine wave, the Digest peak c!v\uu Ufil 
strength encountered bv Imp 6 in this Ircquciu v i.oi. v 
10 mV m ' This difference in measured slunk clctitu * vui* 
has not been resolved I lectnc field spestr.il »le»<Mt * • 
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H| 15. A icriex of rapid-sample measurements of the magnetosheath electric held turbulence that 
shims that the electric field vector ol this noise is aligned parallel to the static magnetic held 


kH/ reported h> Fredricks el al |I97()/>| in the discussion ol 
their figure 4. p. 3757. that result in electric field strengths an 
order of magnitude greater than Imp 6 measurements arc a 
typographical error (I l Scarf, personal communication. 
1974) One possible explanation for the different electric iiclds 
measured is that the wavelength of the electrostatic waves may 
be much shorter than the length of the long electric antennas 
on Imp 6 Howeve". sufficiently short wavelengths ( * IU m) to 
account for such a large error would have a Doppler shift ( ^ It) 
kH/) too large to account for the low frequency (2UU-MX) H/) 
at which the peak in the spectrum occurs. Also comparisons 
between the two long antennas on Imp b. which have different 
lengths, give consistent results, and cross calibrations with the 
magnetic antennas, using electromagnetic waves with a known 
electric to magnetic field ratio, give consistent results [Gurnetl 
and Shaw. I973| Further studies arc being conducted, using 
the short electric antenna on Imp 6. which is similar to the 
short electric antenna on Ogo 5, to determine the reason lor 
this apparent disagreement in the peak electric field 
amplitudes 

The Imp 6 spin modulation measurements show that the 
electric field directions of the electrostatic waves in the bow 
shock tend to be oriented parallel to the static magnetic field 
Sin^e only one rotation is normally available in the shock tran- 
sition region, this result is not as reliable for the upstream elec- 
tron plasma oscillations, where many rotations are usually 
available However, sufficient cases have been examined that 
one can be reasonably confident of the electric field orientation 
in the transition region This electric field orientation is consis- 
tent with the electric field directions expected lor ion sound 
waves propagating along the magnetic he'd direction | Tid’nan 
and k roll. 197 1 ) and is inconsistent with the electric field direc- 
tions expected for the Bernstein mode turbulence suggested bv 
Gar\ and Sanderson (1970). Ilii and Fredrick i 1 1 ^47 2 ) and 
others 

In the magnetosheath downstream of I he shock a moJcr.He 
level of electrostatic turbulence is always present I his elec- 
trostatic turbulence has a spectrum that is similar to th~! ol the 
electrostatic turbulence in the shock transition region but has 
an electric field strength about \-2 orders of magnitude 


smaller than that of the spectrum in the transition region The 
spin modulation measurements show that the electric held 
direction of this turbulence is also oriented parallel to the 
static magnetic field The similariP of the spectrum and the 
electric field direction of electrostatic turbulence in the bow 
shock and in the magnetosheath suggests that the same in- 
stability mechanism may be operative in both these regions, 
the intensity of the turbulence being roughly proportional to 
the diamagnetic currents and magnetic field gradients that oc- 
cur in these two regions. 
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Direction-Finding Measurements of Auroral Kilomelrie Radiation 
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Direction-finding measurements with plasma wjvc experiments on the llawkvvc I and Imp 8 satellite* 
are uvcJ to locate the source region of auroral kilometiic tadiatioit I hi% radiation ha* peak intensities 
between about IlH) and H)0 klh and is emoted in tnlen*e %piiradiv hur*t* ladling lor from hall an hour to 
\ocrjl flours Xt pc ik mtcfluo the total power emitted in this (requeue) range cuwJa lit* XX I he occur- 
rener of th*c radiation ic known to he closed associated wnh blight auroral arcs whuh iKiur mi the Ukal 
csemrf auroral regions Mawkecc I provides direction lindmg measurement* ol kilomelrie radiation 
from observations at high latitude* (V TO H , I over the northern polar regions, and Imp h provides similar 
obsersjtion* at large radial distances t2J-«*h R* I near the equatorial plane Results Irom both satellites 
place the source of the intense auroral kilomelrie radiation in the late local evening at about 0 hours I t 
and at a d. stance of about 0 7) R t from the polar axis ol the earth I hese direction-limling measurements, 
together with earlier results from the Imp 6 satellite, strongls mdisate that the intense auroral kilontilric 
radiator is generated bs energetic auroral electrons at low altitudes m the evening auroral /one I he 
observed source location is in good quantitative agreement with the source position expected Irom simple 
propagation and rav path considerations 


Introduction 

Satellite measurements of low -frequency radio emissions 
have shown that the earth is a very intense emitter ol 
electromagnetic rjdiation with peak intensities in the fre- 
quent) range from about 100 to .UX) kHz [Duncktl ft al . 1970. 
Brown. I ^73. Gurnett. I ^^4) This radution is generated al fre- 
quencies above *hc local plasma frequence in the ionosphere 
and can propjgatc freed awav from the earth Since the 
wavelength of this rjdiation at peak intcnsitv is in the 
kilomelrie range, it is called kilomelrie radiation The earl) 
satellite measurements bv BeneJiktoi ft al |I965. I9t>8] ol 
radio emissions at 0 725-2 3 Mil/ correlated with 
geomagnetic activitv probablv represent the first observations 
of auroral kilometric radiation, since this radiation often has 
measurable intensities extending to frequencies as high as 2 0 
MM/ Kilometric radio emissions arc observed to occur in 
sporadic storms' lasting for periods from half an hour to 
sevcrjl hours with power fluxes at 30 R , ranging Irom about 
10 ,# to 10 14 XX m 1 Hz'*. At peak inlenxitv the total power 
emitted bv the cjrth in this frequenev range is verv large, ol the 
order of 10* W The occurrence of these sporadic hursts ol 
kilometric radiation is closed correlated with the occurrence 
of discrete auroral arcs detected optical!) bv the low. altitude 
polar-orbiting DAPP reconnaissance satcllrr Figure I shows 
an example of the close association observed between kilo- 
metric rjdio emissions and auroral arcs The photogrjphs in 
this illustration are from the DAPP satellite and show the 
distribution and occurrence of aurora over the northern polar 
region for two djwn-dusk (left to right) passes through the 
local midnight region The norti. magnetic pole is located near 
the top center of each photograph The top panel shows the 
mtensit) of kilometric radiation at 1 78 kHz detected bv the 
Imp 6 satellite far from the earth during this sjmc period 
The occurrence of an intense kilometric noise hurst during 
orbit 83 1 is clear!) related to the occurrence of the bright 
auroral arcs in the corresponding D XPP photogrjph More 
examples of this correlation can he found in (turneii ||9* , 4| 
1 hiv correlation strong!) implies t hot the radiation is gen 
crated b\ the cfectrons which produ.c these auroral arcs 
Measurements ol the angular distribution ol the kilometfic 


radiation [Gurnet I. 1974) also indicate that the noise is gen- 
erated at low altitudes of I 0-1 5 R, along auroral field 
lines in the local evening region To distinguish the intense 
aurora-related kilometric radio emissions from other weaker 
radiation from the earth at kilometer wavelengths, such as the 
continuum emission discussed bv Bro*n |I973J. f rank* I 
1 1973). and Gurnett (1975). we will refer to this noise as 
auroral kilometric rjdiation 

Although both the angular distribution of the intense 
auroral kilometric radution and the correlation ol this radia- 
tion with auroral jrcs indicate that the noise is generated m the 
local evening auroral region, no direct measutements have 
been made confirming that the radiation comes Irom this 
region In fact, some evidence to the contrurv njs been 
presented using direction-finding measurements with the Imp 
6 spacecraft Stone |I973| comments that a sporadic compo- 
nent at 250 kHz appears to he coming from the tail region ol 
the magnetosphere and that this radiation mav he caused bv 
particle precipitation into the juroral region l jtcr Stone et al 
(I974J. using measurements Irom the Imp 6 and KAl 2 salcl 
lilcs. idcnt.fied a spatial!* compact source on the Jav side ol 
the earth with a sporadic time structure which seems to cor- 
respond in all basic respects to the intense auroral kilometric 
radiation The dav side location of this source is not. however, 
consistent with the local time and jngular variation ol mien 
sitv reported bv Gurnett |I974) The purpose ol this paper is 
to establish the region of generation of the auroral kilometric 
radiation 

DitrcTios-FiNDiNG MuxiRtstiNu With Haw m \ t l 

Initrumenijtiitn Jeunption The Hjwkcvc I spacecraft 
w as launched on June 3. 1974. into a highlv eccentric polar or- 
bit w<th initial perigee and jpogee geocentric radial distances 
of h.H47 jnd I U).85h km. respective!) . orbit inclination o* 
89 ?9 # . jnd period of 49 94 hours 1 he initial argument ol 
perigee is 2 n 4 b° so thjl the api»gce is located almost dircctd 
oscr the north pole as show n in I »gurc 2 1 he spjecerjtt »s spin 
stabilized and has a rotation period ol jhout 1 1 nil s X* itt 
dicatcd m f igure 3 the spin axis is oriented parallel to I tic oi 
bital plane and approximated f crpendicular to the spacecraft 
earth line when the spacecraft is at apogee 

1 he plasma wave experiment on Hawkcve I uses ,m elect ru. 
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Fig I. Simultaneous observations of auroral kilometric radiation far Irom the earth b> Imp 6 and low-altitude auroral 
photographs obtained on two polar passes with the DAPP satellite The intense burst of 178-kHz nois- during orbit 831 »s 
seen to be closel) associated with discrete auroral arcs in the local evening and midnight regions of the auroral zone. 


dipole antenna with a tip-to-tip length of 42.45 m for electric 
field measurements. The electric antenna is extended perpen- 
dicular to the spin axis as shown in Figure 2. Electric field 
spcclrum measurements are made in 16 frequency channels 
extending from I 78 Hz lo 178 kHz. and magnetic field 
spectrum measurements are made in 8 frequency channels 
extending from I 78 11/ to 5.62 kHz. Wide r>and measurements 
can also be obtained from cither the electric or magnetic 
anterr is. The v »dc be iJ receiver can have a bandwidth of 
cithiri 10 or kM*. spending on the moJe of operation. 


Method of analysis. The intensity of the auroral kilometric 
radiation detected by Hawkeyc I shows a pronounced 
modulation caused by the rotation of the electric antenna. The 
angular position of the null in the spin modulation can be used 
to determine the direction of propagation projected into the 
plane of rotation of the antenna Since the electric held ol an 
electromagnetic wave in free space is aiwj\s perpendicular lo 
the direction of propagation, the null in the spin modulation 
occurs when the antenna axis is parallel to I he direction ol 
propagat.on. The deepest nulls, an I the best aicuracs lor 
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Fig. 2. The Hawkeye I orbit and spin axis orientation relative to 
the orbit plane. The angle 6 > is the angle bc’ween the antenna axis and 
the projection of the satellite-earth direction into the spin plane of the 
antenna. The angle 3* at which a null occurs determines a meridian 
plane through the spin axis on which the source mu*t be located 

direction finding, occur when the propagation vector lies ex- 
actly in the spin plane of the antenna. When the propagation 
vector lies out of the spin plane, the null depth deceases, and 
the directional determination becomes increasingly subject to 
errors caused by polarization effects as the angle between the 
propagation vector and the spin plane increases. For the 
Hawkeye I orbit the angular position of the earth is relatively 
close to the spin plane of the antenna over the entire high- 
altitude portions of the orbit, so that deep nulls and good ac- 
curacy (-±1°) for direction-finding measurements of kilo- 
metric radiation are possible over most of the orbit. 

The antenna orientation angle used in the Hawkeye l 
direction-finding analysis is the angle 6> between the projec- 
tion of the spacecraft-earth line into the spin plane and the 
antenna (>•) axis, measured in the right-hand sense with respect 
to the spin vector as shown in Figure 2. This angle is deter- 
mined by measuring the angle 0> between the projection of the 
spacecraft-sun line in the spin plane and the y axis of the 
spacecraft using the spacecraft optical aspect system and by 
computing the angle <t> E between the spacecraft-sun and 
spacecraft-earth vectors projected into the spin plane. In addi- 
tion to the strictly geometnc determination of the antenna 
orientation, the angle 6 y mast also be corrected for the phase 
shift caused by the nonzero time constant of the receiver. For 
the Hawkeye 1 experiment the phase shift due to the receiver 
time constant is quite small, about 1 .3° ± 0.2° for the nominal 
spin period. 

Because the sampling rate for each frequency channel is 
comparable to the spin rate (one sample every 1 1.52 s), many 
rotations are required to determine the null direction. Since 
the noise intensity often fluctuates considerably on a time scale 
comparable to the spin period, the null direction can be 
strongly affected by these fluctuations unless some signal 
averaging technique is used The signal averaging technique 
employed is to sort the intensity measurements according to 


the antenna orientation angle and then average the intensities 
within each angle interval. Since the modulation pattern re- 
mains the same on successive spins, the error introduced by the 
intensity fluctuations decreases as more and more measure- 
ments are averaged. Usually averaging intervals of I hour or 
more are required to reduce the error in the null direction in- 
troduced by these fluctuations to an acceptable level. During 
the averaging process the field strengths are periodically nor- 
malized by dividing by a short-term average over a time inter- 
val corresponding to one complete cycle of the angle sampled 
through 360°. 

Figure 3 shows the normalized electric field strengths ob- 
tained for a l-hour averaging interval during a period for 
which intense auroral kilometric radiation w as being detected 
by Hawkeye 1 at a radial distance of about 18.9 R E . The nor- 
malized field strengths in this example are sorted into eighteen 
10° intervals in the angle 6 y , from -90° to +90°. Because of 
the symmetry of the dipole antenna pattern, angles in the 
range 90° < 6> < 270° arc shifted into the range -90° < b y < 
90° by subtracting 180°. The 1.3° phase shift correction due 
to the receiver time constant has already been taken into ac- 
count in computing 6 y . 

A clearly defined null is evident in the normalized field 
strengths when the antenna axis is pointed toward the earth. A 
precise determination of the null direction 6 is obtained by 
finding the best fit of the measured normalized field strengths 
E; E 0 to a theoretical expression for the modulation envelope 
given by 

(0 -('-=)-?«» («*. - ») c» 

The modulation factor m provides a quantitative measure of 
the null depth: m is zero for no spin modulation, and m is one 
for the maximum possible modulation. Standard techniques of 
Fourier analysis are used to obtain the best fit values form and 
6. For the case shown in Figure 3 the best fit is obtained when 
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Fig 3. The average normalized electric field amplitude parallel to 
the antenna axis of aurora! kilometric radiation at |7g kHz detected 
by Hawkeye I as a function of the antenna orientation A distinct null 
is evident when the antenna is pointed near the earth the precise 
angle at which the null occurs is determined S I ouner analysis 
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the null angle in A \ 4° i I 4*. I he statistical uncertainty 
of 1 1 4° in evaluated from the mean square error in the best 
fit 

Other sources of systematic error may be present which 
could add to the uncertainty m the null angle I our sources of 
systematic enor have been considered: (I) errors m the 
receiver phase shill correction. (2) errors m the optical aspect 
determination of l M errors in the earth-sun angle due to 
either orbital errors and or errors in the spin axis determina- 
tion. and (4) errors caused b\ misalignment ol the electric 
antenna axis with respect to the \ axis of the spacecraft. Of 
these errors the uncertainty of the alignment ol electric anten- 
na axis is considered to be the dominant error for the Hawkcyc 
direction-finding measurements Investigations of the mis- 
alignment of the flight spare electric antenna and calculations 
by the antenna manufacturer indicate that the misalignment of 
the electric antenna axis relative to the i axis of the spacecraft 
should not exceed 2* 

Result% To reduce the statistical uncertainty in the null- 
earth angle to of the order of ±10° or less, only auroral 
kilometric radiation events lasting for I hour or more are used 
in this analysis Normallv. several such events occur in each 
orbit Since auroral kilometric radiation usuallv has the max- 
imum intensity in the 178-kHz frequency channel of Hawkcye 
8. this channel is used for all measurements presented in this 
paper To insure that the low level continuum radiation dis- 
cussed b> Frankel |I*47J| is not included in this studv. only 
events which have a power flux continuously exceeding 10 u 
W m 'If/ 1 at 178 k Ml are used Since the direction -finding 
technique onlv provides a onc-dimcnsional determination ol 
the source position, main orbits with spin axis orientations at 
various local times must be used to obtain a two-dimensional 
determination of the average source position f igure 4 sum- 
marizes a series of direction-finding measurements of 
kilometric radiation at PS klf/ obtained from two orbits 
which have their orbit planes, hence spin axis directions, ap- 
proximately at right angles fusing sun-referenced coordinates) 
The null directions measured for the various events observed 
on these two orbits arc shown as straight lines drawn outward 
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f «g 4 |*v» represent atis c orbits showing the null directions lor 

auroul kilomctru radiation at I W k 1 1 / observed at various points 
along i lu* orbit Orbit 4’ shows a dear tendency lor the ladialion to 
originate from the night mJc ol the earth 
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I ig s \n equatorial plane projection of the average null direc- 
tions of auroral kilometric radiation at P8 kHz lor a series ol 
Hawkcvc I orbits at sariou< local times The shaded region for cadi 
orbit goes the rms spread tplus or minus die standard deviation) in 
rhe distribution of null positions for all events .inali/ed during that or- 
bit he average source position is located m ihc late local evening at a 
local lime \ t 1 ) of 22 7 hours and at a distance ol 0t»v A‘, Irom the 
polar avis 


from the spacecraft at the point along the orbit whcic the 
measurement was obtained These lines are shown as viewed 
from a direction parallel to the spin axis (edgewise to the or- 
bital plane) 

Considerable variability is evident in the null directions 
determined during these two orbits lhis variability is due to 
actual fluctuations in the position of the centroid of the source, 
since the statistical errors in determining the null direction are 
typically much less than the scatter in the observed null dirts 
lions Since the averaging interval for the direction finding is 
typically I hour or more, the fluctuations actually observed arc 
necessarily at lime scales greater than l hour It seems quite 
likely that the fluctuations in the source position extend to 
even smaller time scales which cannot he resolved bv 
Hawkcvc I or orbit 5 the average source position is very close 
to the orbital plane, with a slight tendency for the average 
position to lie to the left of the orbital plane, toward local 
evening, as viewed from point B I or orbit 42 the average 
source position is shilled very distinctly to the right ol the or 
bitul plane, again toward local night, as viewed from point A 
Projecting the average source positions obtained from these 
two orbits into the equatorial plane, the average source posi- 
tion would be located on the mght side of the earth at about 2 
hours I T and about I 2 R, from the polar axis 

To provide a better determination of the average source 
location, di.cction-fmding measurements of auroral kilometric 
radiation at 178 kHz have been made lor the senes ol oibits 
spaced at approximated even intervals in local time Ihc 
results of this analysis are illustrated in I igurc \ which shows 
the projection of the average null position into the geographic 
equatorial plane for each orbit for pair of orbitsi analwcd 
Pairs of orbits arc used in some cases because too lew events 
sometimes occurred on a single orbit to provide a meaningful 
analysis 1 he average null position consists ol a straight line in 
this diagram because the null determination is one dimen 
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sionul, and the source could in principle lie anywhere along 
this line and still he consistent with the null angle observed at 
the spacecraft The width of the shaded region shown for each 
orbit gives the rms spread (plus and minus the standard 
deviation) in the distribution of the null positions observed 
during that orbit. 

The average location of the auroral kilomelric radiation 
source projected into the equatorial plane can be qualitatively 
estimated from the intersections of the average null lines for 
each orbit. taking into account the fact that lines which in- 
tersect at nearly right angles provide a better pOMtion deter- 
mination than lines which intersect at a shallow angle Almost 
all of the intersections occur on the night side of the earth The 
average position of all intersections, without regard to the 
angle at which the intersection occurs, is in the late local even- 
ing at a local time of 22.7 hours and at a distance of 0 65 R„ 
from the polar axis. The approximate range of variation in the 
source position from this average position cai. be seen from 
the shaded regions in Figure 5. Evidently, considerable 
variability, of the order of 1.0 R t . exists in the source position 
averaged over I hour relative to the source position averaged 
over a complete orbit 

Direction-Finding Measurements With Imp 8 

Instrumentation description. The Imp 8 spacecraft was 
launched on October 26. 1973. into a low -eccentricity orbit 
with initial perigee and apogee geocentric radial distances ol 
147,434 and 295,054 km, respective!), orbit inclination of 
28 6°. and perioo of 11.98 days. The spacecraft is spin 
stabilized with a nominal rotation period of 2.59 s The spin 
axis is oriented perpendicular to the ecliptic plane. 

The University of Iowa plasma wave experiment on Imp 8 
uses an electric dipole antenna with a tip-to-tip length of 121.8 
m for electric field measurements and a triaxial search coil 
magnetometer for magnetic field measurements The electric 
dipole is extended outward, perpendicular to the spacecraft 
spin axis, by centrifugal force. Electric field spectrum measure- 
ments are made in 15 frequency channels extending from 40 
Hz to 178 kHz. and magnetic field spectrum measurements arc 
made in 7 frequency channels extending from 40 Hz to 1.78 
kHz 

Method of analysis. The method of anal) zing the Imp 8 
data to provide direction-finding measurements is essentially 
identical to the method used for Hawkcyc I. except that the 
null angle measured is m the ecliptic plane Long averaging 
periods, of an hour or more, must also be used on the Imp 8 
data to reduce statistical fluctuation”* to an acceptable level. 
Since Imp 8 is at larger distances from the earth than 
Hawkcyc. greater accuracy is needed in the directional deter- 
mination However, much more data is currently available 
from Imp 8. and since the orbital period of Imp 8 is much 
longer than Hawkcyc. it .s possible to use very long jvcragmg 
periods (of the order of 12 hours or more) to provide smaller 
statistical errors in the null direction. 

The largest sources of systematic error in the Imp 8 
direction-finding measurements arc thought to be the uncer- 
tainty in the phase shift correction caused by the receiver lime 
constant and the antenna misalignment. Because of the higher 
spin rate of Imp 8 the phase shift due to the receiver time con- 
stant is relatively large, approximately 7.16° 7 he uncertainty 
in this phase shift is estimated to be about ±2 0° Since com- 
parable errors mav also exist in the antenna alignment and 
overall accuracies of : 1° are needed, it is absolutely essential 
that some method be used in flight to calibrate ihe overall 


systematic error in the direction determination. The method 
used is to require that the average null-earth angle for 
measurements obtained on opposite sides of the earth (cor- 
recting for radial distance variations) be zero. This averaging 
condition has been applied to a large number of direction-find- 
ing measurements of auroral kilomelric radiation, and the best 
estimate of the phase shift correction is 1 1.^0°. This phase shill 
correction includes the phase shift due to the receiver time con- 
stant and is used for all Imp 8 direction-finding measurements 
presented in this paper. As will be pointed out, however, the 
position of the source can be determined independent of this 
phase shift correction. 

Results Figures 6 and 7 show two Imp 8 direction-finding 
measurements of auroral kilometic radiation at i 78 kHz ob- 
tained from positions near the equatorial plane on approx- 
imately opposite sides of the earth (local times of 2.76 and 
16 85 hours, respectively). In both cases the measurements 
were made during an exceptionally long and steady auroral 
kilomelric radiation event lasting for over 12 hours and at 
times when the angular position of the earth was very close to 
the spin plane of the antenna, thereby assuring a deep null in 
the spin modulation and a very small statistical error in the 
null direction The null directions at 2.76 and 16.85 hours I T 
are 6 = 1.0° ± 0.4° and 6 * -1.1° ± 0.4°, respectively. Ihe 
positive direction for measuring the earth-antenna angle 6 X for 
Imp 8 is shown in the sketches in Figures 6 and 7 as viewed 
looking down from the north ecliptic pole The measured null 
directions are seen to be consistent with a source located in the 
local evening region. 

Other similar measurements, all using averaging intervals of 
several hours and restricted to events with large modulation 
factors (m > 0.766), to assure small statistical errors, and in- 
tensities greater than 10 W m * Hz *. have been made at a 
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Another null determination using Imp 8 similar to the ease 
in Figure 6. except at u local time of about lb S5 hours The null posi- 
tion in this case is slight!) to the right of the earth*! polar axis, again 
on the night side of the earth, as sieved from the spacecraft 
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f ig g A vie* from above the northern polar region of the null 
directions given in figure 8 the arrows indicate the direction front 
the spacecraft to the source 1 hese null direction measurements place 
the average source position in (he late local evening at a local time 
of 2 1 25 hours and at a distance of 0 835 R t from the polar axis 


varict) of local times f igure 8 shows the null directions ob- 
tained from these events as a function of local time. A \er\ 
clear trend is evident in these data with the null-earth angles 
negative in the local afternoon and positive in the local morn- 
ing. consistent with a source located on the night side of the 
earth The local time position of the source and the approx- 
imate otTset from the polar axis can be determined completely 
independent of the constant phase shift correction to b Since b 
is ulwavs small for the Imp 8 orbit, the local time and distance 
of the source from the polar axis arc completely determined b> 
the phase and amplitude of the best sine wave tit to b as a func- 
tion of local time, appropriately correcting 6 for radial dis- 
tance ctTects. This sine wave analysis technique has been ap- 
plied to the data in Figure 8 and gives an average source posi- 
tion. projected into the equatorial plane, of 2 1 25 ±041 hours 
LT at a distance of 0 84 ± 0.09 R t horn the polar axis 
The null directions shown in Figure 8 arc plotted as seen 
from above the northern polar region in Figure g to provide 
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I ip 8 A fterics of null directions lor auroral kilomctric radiation 
at r*8 kHz obtained hv Imp 8 jv a tunction ot low at time the null 
angle in all caves is larger in the local morning than in the toe *' even- 
ing this dependent . pljces the source on the night vide ot tl e earth 
independent of anv svMcmatic crror> which nuv he prevent in ucicr- 
mining the null direction 


a qualitative indication of the scatter and distnbution of null 
directions observed hv Imp 8 The arrows on each line indicate 
the direction from the spacecraft to the source. Considerable 
variability from the average source position is also evident in 
the Imp 8 direction-finding measurements Both qualitative!) 
and quantitatively, the Imp 8 direction-finding measurements 
of auroral kilomctric radiation are seen to be in close agree- 
ment with the Hawkcyc I results 

Discission 

Evidence has been presented showing that the intense bursts 
of auroral kilomctric radiation ( N 10 \N m 1 Hz *) detected 
by Hawkcyc I and Imp 8 originate from the local evening side 
of the earth At a frequency of 178 kHz the average position ol 
the source, projected into the equatorial plane, is at a local 
time of about 22 0 hours and at a distance of about 0 \ N R t 
from the polar axis These results strongly support the 
previous evidence presented bv Gurnett [l g 74] indicating that 
the auroral kilomctric radiation is produced at relative!) low 
altitudes (1.0- 1 5 R k for 178 kHz) in the local evening auroral 
/one 

Simple geometric considerations and reasonable estimates 
of the altitude at which the auroral kilomctric radiation is 
generated appear to he in good agreement with the observed 
offset of the average source position from the polar axis \s 
discussed b> Gurnrtt |l^ 7 4|. the radiation must be generated at 
an altitude above the propagation cutofT surface lor the mode 
of propagation in which the radiation is generated Since 
wavc-particic interactions cannot occur at frequencies sub- 
stantiallv above the local plasma frequenev or guolicqucnvv 
and since these frequencies are rclutivelv close together in the 
region of the ionosphere where this noise is cciuatcd. the 
radiation must be generated rather close to the propagation 
cutofT surface lor a frequency of 1 78 kHz the pi Tagation 
cutotr surface, and hence the generation region, i* lot.iicd at 
an altitude of about I 0 R t [Gurnet i. l g? 4| li vw fallow .» 
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representative aurora) field line at 70° invariant latitude up to 
an altitude of I 0 A, and assume that the source is located at 
this point, the source position projected into the equatorial 
plane would he 0 % A, from the polar axis These estimates of 
the source location are in good quantitative agreement with 
the observed distance of the source from the polar axis and 
with previous models of the source location [Gurnett. |4>4, 
figure 14) 

The observed time- and space-averaged local time position 
of the centroid of the emitting region in the late local evening is 
consistent with the location expected from the known associa- 
tion between auroral kilometric radiation and auroral arcs It 
is well known that the most intense auroral electron precipita- 
tion and the brightest auroral arcs occur in the local evening 
[Akasofu, |4bS, Snvderet u/ . |4"4| 1 he observed source posi- 
tion is also consistent with the angular distribution of the 
kilometric radiation, which shows a broad maximum centered 
on about 22 0 hours l 1 [Gurnett. I^' , 4) More recent studies 
by and Stone (1475) now indicate that the day side 

source discussed b> Stone et al [1974], although in the same 
frequency range and qualitative!) similar to the auroral 
kilometric radiation, is actually at much lower intensities 
(v |0 '• \Y m * Hi *) and probably represents a distinctly 
dilTerent source Because of the close association of the auroral 
kilometric radiation with geomagnetic activity the observed 
temporal variations in the source position are thought to be as 
sociated with the westward traveling surge and other spatial 
evolutions which occur during auroral substorms Since the 
time scale of substorm variations is usually much less than the 
averaging periods used, the detailed temporal variations in the 
source position probably cannot be resolved with either the 
Haw key e or Imp 8 experiments 
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In addition to the intense and highly variable auroral kilometric radiation the earth also radiates a weak 
nonthermal continuum from energetic elections in the outer radiation /one I he intensity of this con- 
tinuum radiation decreases with increasing frequency and is usually below the cosmic noise level at fre- 
quencies above UK' kHz In this paper we show that the frcquenc) spectrum ol the continuum radiation 
consists of two components, a trapped component, which is permanently trapped within the magnetosphere 
at frequencies below the solar wind plasma frequency . and an escaping component, which propagates 
freely away from the earth at frequencies above the solar wind plasma frequency The low-frequency 
cu'off of the contir. urn radiation spectrum is at the local electron plasma frequency, which can be as low 
as 300 H/ in the low -density regions of the distant magnetotail. Direction-linding measurements and 
measurements of the spatial distribution ol intensity lor both the trapped and (he freely escaping compo- 
nents are used to determine the region in which the continuum radiation is generated 1 hese measure- 
ment all indicate that the continuum radiation is generated in a broad region which extends through the 
morning and early afternoon from about 4 0 to U l) hours local time unmediat 'y beyond the 
plasmapause boundarv In contrast to the auroral kilometric radiation which is generated in the high- 
latitude auroral /one regions, the continuum radiation appears to be generated over a broad range of 
latitudes, including the magnetic equator In some cases the continuum radiation appears to be closely as- 
sociated with intense bands ol electrostatic noise which are observed near the electron plasma frequency 
at the plasmapause Possible mechanisms by which this radiation could be generated, including 
gryosynchrotron radiation from energetic electrons in the outer radiation /one, are discussed 


Introduction 

Brown [197}), using radio measurements from the Imp b 
satellite, has identified a weak continuum component to the 
radiation coming from the earth's magnetosphere in the fre- 
quency ranee from about 30 to 1 10 kHz. The intensity of this 
continuum radiation decreases rapidly wtth increasing fre- 
quency. varying approximately as/ J, (/is frequency), and is 
usually below the cosmic noise level at frequencies above 
ibout 100 kHz The low-frequency limit at about 30 kHz is ap- 
parently Caused by the propagation cutoff* at the local plasma 
frcquenc; in the solar wind. Frank el [1973) has also studied 
this radiation and concludes that the noise is produced by 
gy rosynchrolron radiation from energetic electrons in the out- 
er radiation zone 

Gurnttt ana Shaw [1973) have identified another somewhat 
more intense continuum component at even lower frequencies, 
from about 5 to 20 kHz This continuum radiation occurs at 
frequencies below the solar wind plasma frequency and is per- 
manently trapped within the low -density regions of the 
magnctosphcric cavity. The purpose of this paper is to in- 
vestigate the basic features of the nonthermal continuum 
radiation from the earth's magnetosphere by using radio and 
plasma wave measurements from the Imp b and Imp 8 satel- 
lites We show that the continuum radiation reported by 
Brown (1973) and the trapped radiation reported bv Gumett 
and Shaw (1973) are simply different portions of a single non- 
thcrmal continuum spectrum which extends from frequencies 
as low as 500 Hz to greater than 100 kHz Direction-finding 
measurements and spatial surveys of the intensity of this radia- 
tion arc used to determine the region of the magnetosphere in 
which the noise is generated 

The data analyzed »n this studv arc obtained from the Uni- 
versity of Iowa plasma wjve experiments on the Imp b and 
Imp 8 satellites The Imp b spacecraft is in a highly eccentric 
orbit with initial perigee and apogee geocentric radial dis 
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lances of I 04 and 33 0 R f . respectively an orbit inclination of 
28 7°. and a period of 4 18 days. The Imp 8 spacecraft is in a 
low eccentric orbit with initial perigee and apogee geocentric 
radial distances of 23.1 and 4b 3 R r , respectively, an orbit in- 
clination of 28. b°. and a period of 1 1 98 days. The Imp b 
measurements arc particularly useful for .studying the radial 
dependence of terrestrial radio emissions over a very wide 
range of radial distances, whereas the Imp 8 measurements are 
particularly useful for obtaining a rapid survey of all local 
times at a roughly constant radial distance. 

The plasma wave experiments on both spacecraft are 
designed to make measurements over a very broad frequency 
range, 20 Hz to 200 kHz for Imp b and 40 Hz to 2 0 MHz for 
Imp 8 Both experiments use long' electric dipole antennas. 
92.5 m tip to tip for Imp 6 and 121.5 m tip to tip for Imp 8. 
which arc extended outward perpendicular to the spacecraft 
spin axis. The spin axes of both spacecraft are oriented very 
nearly perpendicular to the ecliptic plane further technical 
details of these experiments are given by Gurnett and Shaw 
( »973] and Gurnett [1 974) 

Characteristics ot tmi Nonthermal Continuum 

The term continuum, as used in this paper, refers to radia- 
tion which has a smooth monotonic frequency spectrum 
extending over a frequency range of several octaves w ith an es- 
sentially constant intensity on a time scale of a few hours or 
more. Nonthermal continuum radiation from the earth's 
magnetosphere is difficult to detect because the radiation is 
verv weak, only slightly above the noise level of the Impb and 
Imp 8 plasma wave experiments, and is often masked by other 
intense radio and plasma wave emissions which occur in the 
same Ircqtn :icv range Auroral kilometric radiation {Gurnett. 
1974). which occurs in ihc frequency range from about s 0 to 
500 kHz. often has intensities of 60-80 dB above the level of 
the quiescent continuum l lectrostatic plasma wave tur- 
bulence in the magnetosheath and bow shock, electron plasma 
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Fig. I. The electric held intensities observed at 16 frequencies for a 24-hour period of Imp 8 data in the solar wind The 
amplitude range for each frequency represents a dynamic range of 100 dB. During this day only one interval, from about 
1005 to 1115 UT, occurs in which the intensity of the auroral kilometric radiation drops to a level sufficiently low to deter- 
mine the complete spectrum of the nonthermal continuum. 


oscillations in the solar wind, and type 3 radio noise bursts requiring that the noise level in a given frequency range be 
also frequently interfere » ith measurements of the continuum constant within about 3 dB for a period of at least 1 hour and 
radiation. Measurements of the nonthermal continuum radia- that the noise not correspond to any other known type of radio 
lion from the earth’s magnetosphere must therefore be careful- emission. 


ly selected to avoid contamination from other sources. The 


emission. 

A typical Imp 8 measurement of the continuum radiation is 


continuum radiation events used in this study were selected by illustrated in Figure 1. The outputs from 16 channels of the 
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electric field spectrum analyzer arc shown for a 24-hour period 
for which the spacecraft is located in the solar wind at a 
geocentric radial distance of about 42.0 R, and a local time of 
about 17.5 hours. The ordinate for each frequence channel is 
proportional to the logarithm of the electric field amplitude in 
that frcqucnc) channel The interval from the base line ol one 
channel to the base line of the next higher channel represents a 
dynamic range of 100 dB. The vertical bars, which make up the 
black portion of each plot, indicate the amplitude averaged 
over a lime interval of 163.48 s, and the dots indicate the max- 
imum amplitude over the same lime interval. Throughout this 
24-hour period, man* intense bursts of auroral kilomctric 
radiation arc evident in the higher-frequency channels. Only 
one brief period, from about 1005 to 1115 UT. occurs during 
which the intensity of the auroral kilomctric radiation is suffi- 
ciently low to permit an accurate measurement of the spectrum 
of the quiescent continuum radiation. During this period the 


average noise level in all channels is essentially constant. The 
noise levels in the 22.0- to 178.0-kHz channels arc, however, 
slightl) above the receiver noise level. Spin modulation 
measurements during this period show that the radiation 
detected in these channels is coming from the vicinity of the 
•arlh. The frequency spectrum of this radiation, has a distinct 
peak in the 22.0-kH/ channel and decreases in intensity at 
higher frequencies. No radiation is delected from the direction 
of the earth above 178.0 kHz or below 22.0 kHz. The relatively 
high constant noise level evident in the 2.0-MHz channel is the 
galactic background. 

Another example in w hich the spectrum of the nonthcrmal 
continuum is clearly evident in the Imp 8 data is illustrated in 
Figure 2. In this ease the spacecraft is in the distant 
magnctotail at a gc* oniric radial distance of about 41.0 R t 
and a local time of aoout 23.5 hours. At high frequencies the 
spectrum of the continuum radiation is qualitatively similar to 
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ihc spectrum observed in the solar wind; however, in this ease 
the radiation extends down to a frequency of about 5 Ml kHz, 
winch is considerably below the cutoff Ircquencv observed in 
the solar wind At the lower frequencies, where no auroral 
kilometric radiation is present, it is evident that the continuum 
radiation exists with an essentially constant amplitude 
throughout the magnetotail. In some cases, such as the ease at 
about 1400 L T, the spectrum of the continuum radiation ex- 
tends down to frequencies as low as 562 Hi. It is sometimes 
difficult to identify the low- frequenev limit of the continuum 
radiation clearly because of the occurrence of intense electr • 
static plasma wave turbulence at frequencies below about I 
kll/ The ratio of the peak to average held strength, which is 
always close to one for the continuum radiation, often 
provides a useful identifying characteristic to distinguish the 
continuum radiation from the low-frequency plasma wave tur- 
bulence 

To illustrate the general character of the continuum 
spectrum at different points around the earth. Figure 3 shows 
live spccirums selected at various representative local times. 
Four of these spectrums were obtained in the solar wind, and 
one (the center panel) was obtained in the distant magnetotail. 
The spectrums m the solar wind all show the same basic char- 
acteristics. consisting of a monotonic decrease in intensity with 
increasing frequency and a sharp cutoff near the solar wind 
plasma frequency at about 20-30 kHz These spectrums are in 
good qualitative and quantitative agreement with the con- 
tinuum radiation spectrums reported by Brown [1973) and 
Frankel [1973] The spectrum in the magnetotail shows the 
same basic characteristics as the trapped electromagnetic ra- 
diation described by Gurnett and Shaw [1973): a flat peak ex- 
tending from about 5 to 20 kH/. a sharp low-frequency cutoff 
at the local electron plasma frequency, and a rapidly decreas- 
ing intensity above 20 kHz. N\ hen the continuum radiation 
spectrums obtained in the solar wind and in the magnetotail 
arc compared, it is cv ident that the spectrums arc nearly identi- 
cal at all frequencies above the propagation cutoff at the 
solar wind plasma frequency. This similarity strongly suggests 
that the noise in both regions comes from the same source and 
that the spectrum observed in the solar wind represents that 



I ig 4 Ihc spectrums of the galactic background, ihc auroral 
kilometric radiation, and ihc nonthcrmal continuum radiation a* 
*ould he observed b\ a satellite about .U) Irom the earth the 
(rapped «onitnuum r.idiaiion wan only be deucted «uhm the 
magi»wti*%phefu wants 


portion of the continuum radiation which can escape into the 
solar wind above the solar wind plasma frequency. 

The relationship between these various spectrums is sum- 
marized in Figure 4. which shows representative spectrums for 
the galactic continuum, the very intense and highly variable 
auroral kilometric radiation, and the relatively steady nonther- 
mat continuum radiation As will be discussed, direction- 
finding measurements clearly show that the continuum radia- 
tion and the auroral kilometric radiation come from different 
regions of the magnetosphere and therefore constitute two dis- 
tinctly different sources. The spectrum of the continuum radia- 
tion can be divided into two components, a trapped compo- 
nent. which is permanently trapped within the magnctosphcric 
cavity at frequencies below the solar wind plasma frequency, 
and an escaping component, which can propagate freely away 
from the earth at frequencies above the solar wind plasma fre- 
quency. This categorization of the various radio emission 
spectrums of the earth should not be regarded as being final, 
since it is virtually certain that other weak but possibly signifi- 
cant components may also exist. For example, a small but dis- 
tinct peak is evident at about 178 kHz in all the spectrums 
shown in Figure 3. It is not known whether this peak is as- 
sociated with a distinctly different source, as suggested by 
Kaiser and Stone (1974), or simply represents a quiescent level 
of the auroral kilometric radiation. 

Trapped Component 
Direction- Finding Measurements 

The distinction between the trapped and free escape compo- 
nents of the nonthermal continuum is particularly evident in 
the direction-finding measurements of this radiation. Since the 
spin axes of both Imp 6 and Imp 8 are perpendicular to the 
ecliptic plane and the electric dipoic antenna axis is perpen- 
dicular to the spin axis, the position of a radio source in the 
ecliptic plane can be determined from the spin modulation of 
the observed signal strength The null direction 6 and modula- 
tion factor m are determined by fitting the equation 

(I.) ‘ ?) - ? «* 12<«. - *M <»> 

to the normalized field strength, E E 0 . The angle 6 % is the 
azimuthal orientation of the antenna with respect to the 
satellite-earth line The detailed procedures used to compute 
the best fit values for 6 and m arc discussed bv Kurth et al 
[1975 ) 

Typical sets of direction-finding measurements obtained by 
Imp 8 in the distant magnetotail arc shown in Figures 5 and b 
In each case the trapped continuum radiation is evident at low 
frequencies, less than about 50 kHz. and auroral kilometric 
radiation is evident at high frequencies, greater than 50 kHz 
The null direction A measured positive eastward with respect to 
the spacecraft-earth line is shown as a function of frequency in 
the bottom panel of each figure At high frequencies, above 
about 30 kHz. the null directions of both the continuum radia- 
tion and the auroral kilometric radiation arc within a few de- 
grees of the direction to the earth At frequencies below about 
30 kHz a distinct shift in the null direction away from the earth 
is evident In both cases, one in the late evening (17 * 22 5 
hours) and the other in the c.irlv morning til 18 hours), 
the null direction shifts toward the sun al frequencies below 
about 30 kll/ A corresponding decrease in the niodul.iou 
factor also occurs at this frequency. Irom m ' 0 S at Irequen 
cies above 30 k H/ tow ' 0 2 al frequencies below Wkllz I lie 
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F.g V Direction -finding measurements shoeing the shift in the null direction A and the modulation factor hi of the 
continuum radiation at the solar wind plasma frequenc) These measurements were made in the magnetoiail at a local 
time of 22 5 hours 


frequency at which this transition occurs corresponds closely 
with the soljr wind plasma frequency as indicated by the ver* 
lical dashed line labeled */ r solar wind’ in f igures 5 and 6 The 
solar wind plasma frequency measurements were obtained 
from the Los Alamos solar wind plasma experiment on the 
Imp 7 spacecraft (M Montgomery, personal communication. 
i974) Imp 7 was located in the solar wind upstream from the 
earth at the time that the measurements in figures 5 and n 
were made The shifts in the null direction and modulation lac- 
tor at approximately the solar wind plasma frequency 
evidently correspond to the transition from the free escape to 
the trapped regimes illustrated in f igure 4 1 he tendency lor 
the null direction to lie along the earth-sun line is a general 
characteristic of all the Imp 3 direction-finding measurements 
of the trapped continuum radiation in the distant mag- 
netotail This dependence is illustrated in I igure 7, which 
shows a series of null direction measurements made at 16 5 
kHz during three Imp K passes through the distant 
magnetotail The null direction is seen to follow the sun direc- 
tion closets, except for a slight deviation toward the earth near 


the magnetopause boundaries, which occur at about $,.*» 
140® ar.u 220° during these passes 
The shift in the null direction near the solar w md plasma fre- 
quency and the tendency for the null direction of the trapped 
continuum radiation to be aligned along the earth-sun line can 
be explained from simple propagation considerations Since 
radiation at frequencies below the nugnctoshcjth plasma *rc- 
qucncy is reflected at the magnetopause, the surface ot the 
magnetopause apparently acts as a large parabolic rcllcwtor. 
directing radiation from near the earth into the magnetoiail a% 
illustrated in I igure K Because the direction-finding mea^uic- 
ment responds to the average source position, the null diK% 
lion tends to he aligned along the earth-sun line in tlu detain 
magnetoiail It is of interest to consider to what exum 
the magnetospheric cavils acts as a pcrft\ilv lossic** *a. u It 
the cjvity ha' an extremclv high *().' then the r 
be expected to be isotropic, since multiple relic* i* * •> 

rapidlv randomize the radiation, and no spin n . 
would be ev idem Since a Mendicant and caolv ***' 

of spin modulation (w " 0 2) does exist h •’ ‘ 
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Fig 6 Direction-finding measurements in the magnetotaJ similar to those in ! :gurc 5 except at a 'ocal fmc of I H 
hours In both cases the null direction of the trapped continuum radiation shifts toward the sun at frequencies below the 
solar wind plasma frequency 


sizable flux of radiation is lost into the downstream tail region, 
resulting in a relatively I ou Q for the cavil). Further evidence 
that the Q of the cavity is quite small is given b> the fact that 
the intensitv of the continuum radiation increases only slightly 
(by a fac’.or of about 2-5) as the frequency changes Irorn the 
free escape to the trapped regime Thus there is relatively little 
buila up of the radiation intensity within the cavity due to mul- 
tiple reflections Note that the transition from the trapped to 
free escape regime is actually not an abrupt transition, since 
the magnetoshcjth plasma frequency varies from app.oi- 
imuicly the solar wind value in the downstream region to ap- 
proximately tw ice this val jr at the stagnation point Also some 
reflection or scattering of th: incident radiation may occur in 
the r.agnctoshcath. even at frequencies above the local plasma 
frequency. 

Spatial Dm n but ion of Intensity 

To understand the origin of continuum rjdiation. we must 
first establish the region in which the noise is generated l n- 
fortunately, for the trapped component, dircction-linding 
measurements do not provide much useful information on the 
source location because of the complicated reflections which 
occur ai the magnetopause ^ c have therclorc investigated the 
♦raii.il distribution of the intensity of the trapped continuum 


to try to determine the sourc- region Because the intensity of 
the trapped continuum radiation undergoes long-term tem- 
poral fluctuations of the order of 10 \'B [Gurnet t and Shaw. 
1973). a large number of measurements must he used to obtain 
a reliable spatial distribution 1 hrcc ycjrs ol Imp 6 data, total- 
ing about 600.000 intensity measurements I I6.V48-* averages) 
are ased in this study Since it is impossible to manually iden- 
tify the continuum radiation for such a large number of mea- 
surements. a criterion was desiscd to proyide computer identi- 
fication of the trapped continuum rjdiation The criterion 
requires that the ratio of the peak to average field strength in 
each 16) 4K-s period not exceed 1.2 and that the average 
difference between adjacent peak held strengths not exceed I 
dB This criterion eliminates impulsive noise bursts such as 
whistlers, chorus and magnetoshcaih electrostatic turbulence 
The criterion was tested manually on sever ji orbits and has 
been verified to provide correct identification of ;hc trapped 
continuum radiation with a very high degree o» co .uilcncc 
1 he 16 *-kM/ channel was .nosen as being representative ol 
the trapped continuum radiation 1 hi* frequency vsa* chosen 
because it is almost always hc*ow the solar wind plasma Ire 
qucncy and vet above the local plasma frequency inside the 
magnctovpheric cavitv 1 he measured intensities in tin* than 
nel were uvcr..pcd in blocks defined bv 16 radial disiatki • ntef 
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Fig 7. A scries of measurements in the r.iagnctotail shoeing that tue nu'l direction of the trapped continuum radiation is 

consistent!) aligned along the satciiiu sun line 


vals from I 0 to 39.8 R t and 12 local time intervals from 0 0 to 
24.0 hours. The results of this averaging procedure arc shown 
in Figure 9. 

The intensity of the continuum radiation at 16.5 kH/ is seen 
to be remarkably constant at a level o f about 0.5-1 0 x 10 ,B 
W m' 1 H**‘. As is expected, a sharp cutoff »s evident at radial 
distances corresponding to the magnetopause jnd plas- 
mapause boundaries. Although the intensity is constant over 
a large region of the magnetosphere, a distinct maximum, 
considerably above the statistical uncertainty in the average 
computation and approximately a factor of 2 above the overall 
average occurs in the local time range from 4.0 iO 14 0 hours 
and in the radial distance range from 5.01 to 7.94 R g The ex- 
istence of this maximum can also be verified b> direct com- 
parison of individual passes through this region with passes 
through other regions of the magnetosphere Although the in- 
terpretation of this intensity distribution is greatly complicated 
by the many reflections and complicated ray paths which can 
occur within the magnetosphcr;c cavity (thereby accounting 
for the nearly uniform intensity distribution), the existence of a 
distinct region of maximum intensity strongly suggests that a 
major fraction of the trapped continuum radiation is 
generated within this region. 

Escaping Componint 
Direction’ Fin Jtng Measurements 

Direction-finding measurements of the cscapiof continuum 
radiation provide a much better method of determining the 
source region of the continuum rjdiation. since this radiation 
propagates directly to the spacecraft w;,'ioul reflection at the 
magnetopause The 56.2-kH/ frequency channel has been 
chosen to perform direction-finding measurements of the escap- 
ing continuum radiation This frequency »s chosen becau e it is 
usually heloA the frequency range ol the intense auroral 


kilometric radiation, which often masks the weak continuum 
radiation, and yet well above the plasma frequency normally 
encountered in the magnctoshcath and solar wind 

A total of 184 intervals, each from I to 4 hours in duration, 
have been selected from the first 18 orbits of Imp 8 to study the 
direction of propagation of the escaping continuum radiation 
at 56.2 kH/ These intervals arc all selected such that no radia- 
tion other lha * .he continuum is detectable For each interval 
the best fit null direction 6 and modulation factor m arc com- 
puted. and the rms error in the lit of ( I ) to the measured field 
strengths is determined From these quantities the distance ol 
closest approach of the rav path to the earth, p.. projected into 
the ecliptic plane and the rms uncertainty. <r #A . in p. arc com- 
puted Because the power flux is somc’mics too small to 
ptovidc reliable direction-finding measurements, only those 
cases for which the uncertainty in p 4 is less than 2 Rt (<v * - 
R g ) arc used in this study Of the 1 84 cases selected. 82 satisfied 
this error criterion The threshold power flux for providing 

f « f p iMAGNt 1 OSMt AT Hi ♦ * » p (MAGNt^OSHCA’* 




I ig H A qualitative indivJtion of the r.i% path* tr ,M 

the earth at frequence* above jruf below ihc pi • 1 • ‘ 
magnetovheath When f 4 f r (rojgiictodw »no ’• • 
magnetopause lend *o align ihe average ».»v 
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LOCAL TIMe (MR) 


F., 9 The intensity distribution of the trapped continuum radiation at 16 5 kH/ A distinct maximum in the radiation in- 
tensity occurs in the local time range from 4 0 to 14 0 hours at radial distances from about 5.01 to 7.V4 R , 


reliable direction-finding measurements (c $k < 2 R$) at 56.2 
kH/ is about 5 x 10'*' W m* 1 Hz' The median power flu* of 
the 82 eases selected for this study is about 10 x 10'" W nr 1 
Hz* 1 , and the maximum power flu* observed is 2 x 10' ,# W 
m* H /•». 



f if 10 The distribution of trjnsversc source positions obtjincd 
for *2 direction-finding me avoemcn** tit the escaping continuum 
radution at surioa* local limes iround the earth 


The distribution of transverse source positions determined 
for these 82 eases is shown in Figure 10 Most of the direction- 
finding measurements show an apparent source position well 
inside the magnetosphere, with transverse source positions 
typically less than 8 R r However, a few eases are observed 
with source positions as much as 20 R, from the earth For the 
present we consider only those cases for wh’jh the source ap- 
pears to be definitely wiihin the mjgnctospherc. specifically, 
those with IpJ £ 8 R t The anomalous eases with | pj >8 R t 
are discussed later. 

The ray paths for the cases with IpJ £8 R, are shown in 
Figure II, projected into the ecliptic plane. The spacecraft 
position for each ray path is shown as a dot. and the arrow in- 
dicates the direction of the null The apparent center of the 
source region can be estimated from the intersection of ra* 
paths observed at various local limes It is evident that most of 
the ray paths tend to intersect on the local morning side ol the 
earth at a radial distance, projected into the ecliptic plane, of 
about 2 to 3 R, from the center of tb'* earth It is also evident 
that a great deal of scatter exists in the »ppaicnt source posi- 
tion. indicative of a broad and somewhat variable source 
-egion. 

A quantitative estimate of the angular si/c of the source can 
be obtained from the modulation (actor m If the source is 
located in the pljne of rotation of the antenna, j very small 
(point) source produces j very deep null ini » I). whereas a 
very broad source produces very little modulation (m > U) In 
practice, quantitative estimates of the source si/e are com- 
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kilomctric radiation, which typically has a modulation facto 
of 0.95-0 98. 

Spatial Distribution of Intensity 

Further information on the source region of the escaping 
continuum radiation can be obtained from the spatial 
distribution of intensity. Since the escaping continuum radia- 
tion is not reflected by the magnetopause, the region of ma.%- 
imum intensity should provide a good indication of the source 
region. Data from the Imp 6 spacecraft, which has a hignly 
eccentric orbit, must be used to provide measurements in 
the source region. Unfoitunately, the Imp 6 experiment is 
about a factor of 5 less sensitive than the Imp 8 experiment, 
so the continuum radiation generally cannot be detected by 
Imp 6 at large radial distances or when the radiation is very 
weak. The noise level of the Imp 6 experiment is about 2.5 X 
10* M W m’ 1 Hz ' at 56 2 kHz. Since the intensity of contin- 
uum radiation does vary considerably, many periods do, how- 
ever, exist when the continuum radiation is sufficiently 
intense to provide good measurements of the spatial distribu- 
tion with the Imp 6 experiment. 

Three cases in which the continuum radiation at 56.2 kHz is 
sufficiently intense to clearly show the radial variation oi the 
intensity arc shov »n Figure 13. In each case the spacecraft is 
moving outward :o larger radial distances, from about 3.0 to 
8.0 /?£, in the local morning region of the magnetosphere. The 
plasmapause location is identified on each plot as the point 
where the local plasma frequency f p is approximately equal to 
56.2 kHz. The plasma frequency is obtained from the upper 


hybrid resonance noise band, which occurs immediately 
following the arrow marked / =* f p in each plot (sec Shuw and 
Curnett (1975] for a discussion of the upper hybrid resonance 
noise). No continuum radiation whatever is delectable inside 
the plasmapause. Outside the plasmapause, where / > / p , 
moderately intense continuum radiation is evident in each 
case. In the top two examples the maximum intensity of the 
c ntinuum radiation occurs at the point where the intense up- 
per hybrid noise band occurs. In the bottom example, the max- 
imum intensity occurs well beyond the plasmapause, at a 
radial distance of about 5.0 R E . 

To provide a quantitative determination of the region of 
maximum intensity for the escaping continuum radiation, the 
average power flux has also been computed as a function of 
local time and radial distance at 56.2 kHz by using 3 years of 
Imp 6 data. To assure that only continuum radiation is in- 
cluded in this average, onl> measurements which fluctuate by 
less than I dB in any 163.48-s interval and which have a ratio 
of peak to average field strength less than 1.4 arc used. The 
average field strengths obtained with this selection criterion for 
the 56.2-kHz channel are shown in Figure 14 Although con- 
siderable scatter is evident in the radial distribution at low in- 
tensities, a very distinct maximum is evident in the average 
power flux at radial distances from about 3.98 to 7.94 R E and 
in the local lime range from about 4.0 to 14.0 hours local time. 
The average power flux in this region, >5.0 X 10" 20 W m * 
Hz" 1 , is well above the receiver noise level. 

The region of maximum intensity for the escaping con- 
tinuum radiation shown in Figure 14 agrees well with the 
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Fig 13. The radial variation of intensity for three caves in which the intensity of the continuum radiation is well 
above the noise level of the Imp 6 experiment In some cases the continuum radiation appears to be closel) associated 
w ith the electrostatic noise bands at f =* J p located near the plasinapsuse 


Acceding page blank not nr**so 





wcm 


Gurnitt: TiRAtsiRiM VI F and LF Continium Radiation 


CONTINUUM 
RAO I AT ION 
56 2 KHz 


AVERAGE POWER FLUX 
WATTS rrf 2 Hi' 1 X I0' 18 


r i 15 TO 5.0 
f~ 1 2.0 TO 3.0 

I I <2-0 


MAGNETOPAUSE 


g ‘2-6 

I 

</> 10.0 

O 

t 7.94 





0 2 4 6 8 10 12 14 16 18 20 22 24 

LOCAL TIME (HR) 

Fig. 14. The distribution of intensity of the escaping continuum radiation at 5b 2 kHz. Again, a distinct maximum is evi- 
dent in the local lime range from 4 0 to 14.0 hours just be>ond the plasmapause. 


source region indicated by the direction-finding measurements 
in Figure 1 1 and is also consistent with the region of maximum 
intensity found for the trapped continuum radiation. On the 
basis of these results it is concluded that the source region of 
the continuum radiation is located in a broad region beyond 
the plasmapause boundary (where / ^ f p ) in the morning and 
early afternoon at local times from about 4.0 to 14.0 hours. 
Since the continuum radiation is often observed immediately 
beyond the plasmapause near the magnetic equator, as in the 
top two examples of 1 igure 13. it is also concluded that the 
continuum radiation is generated near the magnetic equator 
and is not primarily a high-lautude auroral zone emission. A 
qualitative illustration of the generation region suggested by 
these results is shown in Figure 1 5. The propagation cutotT sur- 
face at f * f p tends to follow the shape of the plasmapause 
because of the rapid change in the electron density near this 
boundary. The distinct outward bulge in the plasmasphere in 
the local evening is a well-known feature of the plasmapause 
[Carpenter, 1970]. 

Radiation Associated With the Bow 
Shock and or Magnetosheath 

As is shown in Figure 10 and discussed earlier, a small but 
significant fraction of the direction-finding measurements at 
56.2 kHz indicate source locations well outside of the 
magnetosphere with transverse source positions greater than 8 


R t and sometimes as large as 20 R c . These apparently 
anomalous cases have been carefully examined to make certain 
that the direction-finding measurements are not being in- 
fluenced by some spurious effect such as telemetry errors or in- 
terference from solar radio noise bursts. No such effect could 
be found. In many of these cases the computed unccrtaintv in 
the null direction is very small, less than 1°, indicating that a 
very reliable fit was obtained to the observed spin modulation 
Figure 16 shows the ray path directions, projected into the 
ecliptic plane, for the anomalous direction-finding measure- 
ments at 56.2 kHz. The most striking feature of this plot is that 
most of the ray paths appear to come from the general region 
of the bow shock and/or magnetosheath, particularly from the 
morning side of the magnetosphere. Similar direction-finding 
measurements of continuum radiation at 31.1 kHz show an 
even larger fraction of anomalous cases with the radiation 
also appearing to come from the general region of the bow 
shock and/or magnetosheath. 

In studying possible origins for this anomalous radiation, 
two possible explanations have been considered. I »rst the 
radiation may he generated in the bow shock ami or 
nugnctoshcath and therefore not related to the «e- 
nctosphcric continuum radiation Second, it d p**" Me 
that the anomalous direction-finding results mav he t! e u '»du 
of scattering, reflection, or partial obscuration o? site 
magnetosplieric continuum b> the magnetosfie.'tn at i s 
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SOURCE 

REGION 



CONTINUUM RADIATION 
(56.2 KH*) 

Fig 15. A qualitative sketch of the source region of the continuum 
radiation indicated b\ the direction-finding measurements in I igure 1 1 
and the intensity distributions in Figures 9 and 14. 

when the solar wind and magnelosheath plasma frequencies 
arc unusually high, near 56.2 kHz. The present indications are 
that the anomalous radiation is actually generated near the 
bow shock and is not associated with the nonthcrmal con- 
tinuum from the magnetosphere. Although it is usually very 
weak, the frequency spectrum of the anomalous radiation 
sometimes exhibits a distinct enhancement in a single fre- 
quency channel, suggestive of a line emission rather than a 



Fig 16 The rav path directions for the anomalous direction- 
finding measurements Jt 56 7 kH/ Note that many of the ray paths 
appear to intersect near the boss shock on the morning side ol the 
earth 


continuum. Since 56.2 kHz is approximately twice the solar 
wind plasma frequency, the most likely possibility is that this 
radiation is produced at twice the solar wind plasma frequency 
by nonlinear interactions with electrostatic electron plasma os- 
cillations. as suggested by Ginzburg and /heleznyakm |I958] 
for type 3 tadio noise bursts. The source location of the 
anomalous 56.2-kHz radiation, near the bow shock on the 
morning side of the magnetosphere, is consistent with the 
favored region for electron plasma oscillations excited by 
energetic electrons streaming into the solar wind from the 
bow shock [ Scarf el al.. 1971; Fredricks el a!., 1971). 
Electromagnetic emissions of this type, al the second harmonic 
of the plasma frequency, have been previously observed near 
the bow shock region by Dunckel (1973). 

Discussion 


We have shown that a weak nonthcrmal continuum is 
produced by the earth’s magnetosphere extending over a very 
broad range of frequencies, from as low as 500 Hz in the low- 
density regions of the magnctotail to greater than 100 kHz. 
The intensity of this continuum decreases rapidly with increas- 
ing frequency and is usually not detectable above the galactic 
noise background at frequencies greater than about 100 kHz. 
At frequencies below the solar wind plasma frequency, which 
is typically about 20 kHz, the continuum radiation is trapped 
within the magnetosphcric cavity and cannot escape. The Q of 
the cavity is evidently quite low because only a small, factor of 
2-5. increase in intensity is observed as the frequency changes 
from the free escape to the trapped regimes. Direction-finding 
measurements indicate a distir.ct directionality to the trapped 
continuum radiation in the distant magnctotail. the ray paths 
being aligned roughly along the earth-sun line; this finding 
suggests that the day side magnetopause boundary acts as a 
giant parabolic reflector directing radiation from near the 
earth into the downstream tail region. 

The spatial distribution of intensity for both the trapped and 
the freely escaping continuum radiation and the direction- 
finding measurements for the escaping component all indicate 
that the radiation is generated in a broad region located out- 
side of the pla inapausc at radial distances from 4.0 to 8.0 /? f 
and extending through the local morning and early afternoon 
from about 4.0 to 14 0 hours local time. In contrast to auroral 
kilomctric radiation, which is generated in the high-latitudc 
auroral zone regions, the continuum radiation appears to be 
generated at low to moderate latitudes, including the magnetic 
equator. The continuum radiation is often observed im- 
mediately beyond the propagation cutoff at f ^ f p near the 
magnetic equator with no evidence of an equatorial shadow 
zone such as is observed for auroral kilomctric radiation 
[Gumeil. 1974] 

Frankel [ 1973] has proposed that the nonthcrmal continuum 
radiation from the earth’s magnetosphere is produced by gyro- 
synchrotron radiation from energetic electrons in the outer 
radiation zone. In many respects the results of this study arc in 
reasonably good agreement with Frankcl’s calculations. The 
frequency spectrum of toe escaping continuum radiation, the 
radial location of the source, and the power flux (within a fac- 
tor of 5-15. depending on the model) arc all in tolerable agree- 
ment with the gyrosynehrotron radiation model No calcula- 
tions arc available for comparison with (he trapped continuum 
radiation However, some problems are prevented by these 
new data As is shown by the intensity measurements in 
Figures 9 and 14. a pronounced local time asymmetry is evi- 
dent in the source intensity with a distinct maximum in the 
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range from 4 0 to 14.0 hours local time Since most of the 
energy radiated by the gvrosynchrotron mechanism comes 
front electrons with energies Irom 100 to 500 kcY, it is hard to 
see how this local time asymmetry can occur lor these vcr> 
high energies The dawn to dusk electric field within the 
magnetosphere docs tend to increase the elect ron energies in 
the local morning region by ' 10 kcV, however. this cnerg) 
change is csseniiall) trivial lor the electrons contributing to 
the gvrosynchrotron radiation It is possible that the evening 
bulge in the plasmasphcrc may be able to account for part 
of this asymmetry, although it seems unlikely that the bulge 
can account for the large asymmetry actually observed 
The radial intensity profiles of the continuum radiation, 
such as the profile hi Figure 13. also do not agree with what 
would he expected for the gvrosynchrotron mechanism for 
the synchrotron mechanism one would expect the intensity to 
increase gradually with increasing radial distance evond the 
plasmapause with the maximum intensity occurring near the 
center of the emitting region Instead, the maximum intensity 
sometimes occurs almost immediately after crossing the 
plasmapause (as in the lop two panels of I igurc 1 3). directly in 
the region where the electrostatic noise bands at / * ) p arc 
observed Cases of this type strongly suggest that the 
electrostatic noise bands at / * f p arc in some way closely as- 
sociated with the generation of the continuum radiation 
Recently. Shaw and Gurnett 1 1 V7 S ) completed a study of the 
electrostatic noise bands of the type illustrated in I igurc 13. 
These noise bands arc shown to consist of high-ordcr ( n + 
\:)J t harmonics of the electron gyrofrequency which become 
strongly enhanced a. frequencies near the local plasma ! r e- 
qucncy These noise hands are essentially a permanent fcaluie 
of the magnetosphere and. interestingly, have maximum inten- 
sity in the same local time range in w hich the continuum radia- 
tion appears to be generated Since the power radiated by the 
incoherent gvrosynchrotron mechanism is about a factor of 
5-15 too small [Frankel. 1974), it may be that electrostatic 
waves of this type play an important role in the generation of 
electromagnetic radiation at frequencies above the local 
plasma frequency 
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Continuum Radiation Associated With l.ow-Energy Electrons in 

the Outer Radiation Zone 

D. A. Gurnett and L. A. Frank 

Dffhjrtnteni of Ph\ u% .\ and Astronomy, innersitv of Iona, 'oho City, lo ho 52242 

A weak nonthcrm.il continuum radiation is generated bv the earth's magnetosphere in the frequency 
range from about >00 11/ to greater than 100 kH' During magnetically disturbed periods the intensity of 
this continuum radiation increases sigmlicuntlv . by as much as 20 dB during large disturbances In this 
paper uc present a series of observ alters obtained by the Ha* key e I and Imp 8 spacecraft during a period 
of greatly enhanced continuum radiation intensity which occurred from October 14-21. 1974 The 
enhanced continuum radiation intensities observed during this esent arc found to be closely correlated 
with the injection of scry intense Buses of energetic. ** 1-30 keV. electrons into the outer radiation /one 
D rection-tinding measurements of the continuum radiation observed during this esent show that the 
radiation is primarily coming from the dawn side of the magnetosphere, in agreement with the observed 
dawn-dusk asymmetry m the I* to 30-kcV electron distribution Ihese results suggest that the continuum 
radiation may be generated by a coherent plasma instability involving relatively Urn -energy, **1 to 30 
keV. electrons rather than by gy rosy nchrotron rad anon from very energetic. 200 keV to I MeV. electrons 
as has been previously suggested. 



Introduction 

Two principal types of radio emissions can be distinguished 
coming from the earth's magnetosphere at frequencies above 
the local plasma frequency auroral kilomctric radiation and 
continuum radiation Auroral kilomctric radiation consists of 
very intense and highly variable emissions with peak intensities 
in the frequency range from about 100 to 300 kll/ [Gurnett. 
1974| This radiation is closely associated with the occurrence 
of aurora and is generated at altitudes of 1-2 in the night- 
time auroral /ones [Kurth et at . 1 975 ) Continuum radiation is 
a much weaker and slowly varying emission which extends 
over a broad range of frequencies, from as low as MX) Hz to 
greater than 100 k H / Continuum radiation is thought to be 
generated at much higher altitudes in the outer radiation /one 
[Gurnett. I97>] Figure I shows typical spectrums of these two 
types of radio emissions, as observed by a spacecraft about 30 
R f from the earth 

Recently, Kaiser amt Stone [1975) have identified a third 
type of radio emission which appears to be generated in the 
day side auroral region this radiation is very weak, with 
intensities only slightly above the galactic background, and 
occurs in a narrow frequency band with r»eak intensity slightly 
below 200 kHz It seems likely that this weak narrow band 
emission is simply the day side analogue of the much more 
intense nighttime auroral kilomctric radiation However, at 
this time the exact relationship of this weak narrow band 
emission to auroral kilomctric radiation has not been clearly 
established 

Continuum radiation from the earth's magnetosphere was 
first identified bv Broun ||973) at frequencies from about 30 to 
100 kHz using radio measurements from the Imp b satellite 
f urther studies by Gurnett [1975] have shown that the contin- 
uum radiation comprises two components one that is per- 
manently trapped within the low -density regions of the magne- 
tosphcric cavity at frequencies below the solar wind plasma 
frequency and one that can propagate freely away from the 
earth at frequencies above the solar wind plasma frequency 
Direction-finding measurements show that the continuum 

Copyright .O b\ ihc \ merit .in Ctcnphysicjl I’nion 


radiation is generated in a broad region on the daxvn side and 
earb afternoon side of the magnetosphere as is shown in 
Figure I \\ hereas the intensity of auroral kilomctric radiation 
sometimes varies by as much as 60-80 dH in only a few 
minutes, the intensity cl* the continuum radiation varies over a 
much smaller range, usually not more than 20 dB. and on a 
longer time scale, usually several hours or more trankel 
||973) has shown that enhancements m the continuum radi- 
ation intensity, bv as much as 20 dB above the quiescent 
intensity, occur during periods of geomagnetic disturbance 
These periods of enhanced continuum radiation intensity 
sometimes last for several days. 

trankel |I9?3| proposed that the continuum radiation is 
genrialed by gy rosy nchrotron radiation from energetic elec- 
trons. 200 keV to I MeV. injected into the outer radiation zone 
during the magnetic storm. Spectrums of the gy rosy nchrotron 
radiation intensity computed by I rankel for a typical distribu- 
tion of high-energv electrons injected into the outer radiation 
zone during a magnetic storm are ir reasonably good qual- 
itative agreement with the observed spectrum, but the absolute 
intensity is about a factor of 5-15 too small 

The purpose of this paper is to present a series of observa- 
tions from the Haw key c I satellite during a period of enhanced 
continuum radiation intensity which occurred from October 
14-21. 1974 This event commenced during a geomagnetically 
disturbed period following a magnetic storm on October 14. 
1974 The enhanced continuum radiation intensities occur in 
association with intense fluxes of low-energy elections. v 1-30 
keV. injected deep into the outer radiation zone during this 
storm The energy range of the electrons responsible for the 
continuum radiation and possible mechanisms for producing 
the radiation are considered 

T he observations used in this study were gained pnmarilv 
from the Haw key e I spacecraft, which was launched on June 
3. I9"M Haw key c I is m a highly eccentric polar orbit with 
initial perigee and apogee geocentric radial distances ol 6X47 
km and 130,856 km. respectively, an orbital inclination ol 
89 77°. and a period of 49 94 hours t he initial argument ol 
perigee is 2 7 4 6°. so that the apogee is located almost directly 
over the north pole I he plasma wave experiment on llawkcve 
I uses an electric dipole antenna with a tip to tip length ol 
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Plate I A senes of electron cnerpv-time spectrograms gained with the 1 epedea instrument on Hawkeve i during the 
October 14-21 event These spectrograms are lor inbound passes through the outer radiation /one at local morning Note 
the substantial increase in the electron intensities for I ^ t s, JO ke\ oser 4 ^ /. v 8 commencing vsith orbit bJ. alter the 
onset of the enhanced continuum radiation 
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Plate 2 . The spectrograms corresponding to those in Plate I for the outbound passes at local evening Note the 
substantial decreases of both the electron energ) and the intensities and lesser depth of penetration into the outer /one 
compared to those for the corresponding passes at local morning in Plate I 
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Fig I Representative spectrum* of the galactic background, au- 
roral kilomctric radiation, and the trjpped and escaping continuum 
radiation as would hr observed bv a satellite about 30 R, from the 
earth the continuum radiation is generated in a broad region bevond 
the plasmapjuse in the local morning and local noon sectors of the 
magnetosphere 


42.45 m for electric field measurements and a search coil 
magnetometer for magnetic field measurements. Electric field 
spectrum measurements arc made in 16 frequency channels 
extending from 1.78 H/ to 178 kHz. and the magnetic field 
spectrum measurements scan the frequency range I 78-5.62 
kHz in 8 frequency channels. Plasma measurements vverc ac- 
quired with a low-energy proton-electron dilTercntial energy 


analyzer (l epedea) similar to previous instruments of this type 
flown on the Imp and Injun satellites [Frank, I *467 1 The l.e- 
pedea instrument on board llawkeye I provides measurements 
of the directional differential intensities of protons and elec- 
trons within the energy range 50 cV £ £ £ 40 keV A colli- 
mated. thin-windowed Geiger- Mueller tube which responds 
primarily to electrons with £ > 45 keV over most of the . 
Haw key c I orbit is also included within the Lepedea instru- 
mentation. 

The Continuum Radiation Event of 
October 14-21. 1974 

Because of the relatively short electric antenna used on 
llawkeye I. continuum radiation can only be detected when 
the intensity is well above the normal quiescent level During 
the first 6 months of in-flight operation, only one event, from 
October 14-21. 1974. has been found for which continuum 
radiation could be Jetreted by llawkeye I during a prolonged 
period This event occurred following a magnetic storm which 
commenced at about 1700 UT on October 14. The hourly 
equatorial Dst magnetic disturbance index for this event is 
shown in Figure 2 [Sugiura and Poros . I974|. Two abrupt 
depressions arc evident in the Dst index near the start of the 
event: the first at about 0100 UT on October 1 3 and the second 
at about 1700 UT on October 1 1 Although the largest mag- 
netic disturbance is associated w uh the October 1 3 storm, both 
the llawkeye I and the Imp 8 observations show that the onset 
of the enhanced continuum radiation intensities during this 
event is associated with the October *4 magnetic disturbance 

The electric f*eld intensities obtained from a series of Hawk- 
eye I passes through the magnetosphere during the October 
14-21 event are shown in f igures 3 and 4 The intensities arc 
given ir. cigh* frequency channels from 13.3 to 1 78 kHz. The 
ordinate for each channel is proportional to the logarithm of 
the electric field strength The interval from the base line of 
one channel to the base line of the next higher channel repre- 
sents a dynamic range of 100 dB The receiver noise level is 
locate' 1 slightly above the base line of each channel. W uh the 
exception of orbit 67 these passes arc all for the inbound 
portion of the orbit in the local morning, at about 0600 i 1.0 
hours magnetic local time Usually . the continuum radiation is 
completely masked by intense auroral kilomctric radiation on 
the outbound passes in the local evening The outbound pass 
on orbit 67 is shown because no observations are available lor 
the immediately preceding inbound pass The start times are 
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I ig 2 The geomagnetic Dst index during the October 14-21, 14^4. co- nnuum radiation event Ihc time* for the 
llawkcve I orbits analyzed in this pa|H.*r arc shown ai the lop of this plot 
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Fig 3. The electric field intensities obtjinrd during j senes of three successive inbound Haw keve I passes in the local 
morning The mtcnsitv of the continuum radiation is onlv slightls above the receiver noise level but is easilv rccogm/ed bv 
the ^2*min spin modulation caused bv the electric antenna rotation Ihedvnamic range for each intensity plot is 100 dB 


adjusted so that the perigee is located at the right-hand edge of 
each plot, except for orbit 67. where perigee is on the left The 
spacecraft coordinate* are therefore similar for each plot The 
universal time (UT) and geocentric radial distance to the 
spacecraft, in earth radii (A* ), are given at the bottom of each 
plot The radial distance in these graphs varies from about 9.0 
Ri at 60° magnetic latitude over the northern polar region to 
about I 4 R r at perigee over the southern polar cap 
The first pass shown in Figure 3. on October 14 (orbit 63). 
occurs shortlv before the onset of the October 14 magnetic 
storm. The electric field noise levels are verv low throughout 
this entire pass, the onlv significant noise being the [n + J)/« 
noise band* of the tv pc described b> Shu »» and Gurnet! (1975) 
near the plasmapausc A representative power spectrum is 
shown in the top panel of Figure 5 at a radial distance of 5 93 
R f for this pass l wept for a verv small enhancement at 31 I 
kH/ no continuum radiation is detectable I he second pass 
shown in I igurc 3, orbit t>3. occurs approximate!) 2davs later, 
on October lb On this pass, several tvpes of radio emissions 
are present At high frequencies, in the *6 2- to 178-UI/ chan- 
nels. moderate!) intense aurora! kilometnc radiation is evident 


during the first part of the pass, before about 1200 UT At 
somewhat lower frequencies, from aboti 23.7 to 100 kH/. an 
almost constant amplitude broad band noise i* present slight!) 
above the receiver noise level. Even though this noise i* verv 
weak, it in easilv distinguished from the receiver noise level bv 
the spin modulation caused b> the antenna rotation The 
period of this modulation is about 2 min. which is the beat 
period between the spacecraft rotation rate and the tclcmctrv 
sampling rate 

A representative spectrum of the broad band noise observed 
on orbit 63 is shown at a radial distance of 5 63 R f in the 
center panel of Figure 5 This spectrum is qualitative!) similar 
to the continuum radiation spectrums observe j bv the Imp 6 
and Imp 8 satellites at ^ 30 R, However, the intensities are 
about 20 dB greater than the continuum radiation intensities 
normal!) observed bv Imp 6 and Imp 8 during quiet times, 
even alter correcting lor the expected I R : variation with 
radial distance. !he\e high intensities are consistent with the 
continuum radiation intensities reported bv trunkvl ( 1 9 7 x | for 
pcomugneticall) disturbed periods (A/» > 5) On the basis ol 
these comparisons we idcntifv the broad band noise observed 
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ORBIT 67, OCTOBER 2? 1974 
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Fig 4 Continuation of the sequence of FI a w key e I passes from Figure 3 Orbit 67 is an outbound pass in the local 
evening This pass is shown because of the large data gap on the immediatel) preceding (orbit 6o) inbound pass 




V 


on this pass as continuum radiation of the type discussed by uum radiation without excessive interference from the night 
Frankcl ( 1 973 J and Curnett [1975]. side auroral kilomctric radiation The radiation intensities dc- 

Continuum radiation of comparable intensity is observed tectcd by Imp 8 at frequencies from 31.1 to 178 kHz arc shown 
again 2 da>s later, on October 18 (orbit 64). and again 4 days in Figure 6 for this period Since the continuum radiation 
later, on October 20 (orbit 65). Ffowcver. 6 days later, on intensities are only slightly above the receiver noise level, it is 
October 22 (orbit 66). the intensity has decreased to essentially difficult to clearly identify the continuum radiation at all times 
undetectable levels at all frequencies above about 30 kHz. A during the event. The onset of the enhanced continuum radi- 
power spectrum for the inbound pass of October 22 is shown ation is, however, clearly evident at about 1700 UT on October 
in the bottom panel of Figure 5 at a radial distance of 7 16 R f . 14. essentially coincident with the onset of the October 14 
No telemetry was received after about 21 10 UT on this pass, so magnetic disturbance (sec Figure 2) At 56.2 kHz the intensity 
measurements are not available at radial distances less than increases about 20 dB above the normal quiescent level present 
about 7 0 R f During the immediately following outbound before the onset of the event The rise to maximum intensity 
pass of October 23 (orbit 67 in Figure 4). only a few hours takes place in approximately I hour, from 1700 to IN(K) I I 
later, no continuum radiation is detectable at any radial dis- The enhanced continuum radiation remains easily detectable 
lance for at least 3 days, through October 17 During this period the 

The enhanced continuum radiation during this event was intensity varies by as much as 10 dB. typically on a timescale 
also detected by the University of Iowa plasma wave e\| eri- ol a few hours \fter October 17 the continuum radiation is 
mem on the Imp H spacecraft (lor details of this experiment, almost completely masked by intense auroral kilomctric radi- 
see iiuntru (|975|) During the first lew davs of the event. Imp ation as the spacecraft progresses into the localevening region 
* * as at a rjdial distance of about 28-46 R, on the dav side of 1 he spin modulation ol the continuum radiation observed 
the earth jnd in an excellent position to monitor the contin- by Imp 8 during this event has been jnaly/cd to determine the 
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location of the source of this noise Details of the analysis 
procedure arc given b> Kurth rl al 1 1 97^|. Figure 7 shows the 
dircction-lindmg measurements obtained from Imp 8 for the 
continuum radiation observed at 56 2 kll/ during the October 
14-21 event. The spacecraft position for each measurement is 
shown as a dot. and the line extended from each dot indicates 
the direction of the source projected into the ecliptic [Xam* 
Y a %t) plane Since the rotation axis of the Imp 8 electric 
antenna is directed perpendicular to the ecliptic plane, it is 
only possible to determine the direction to the source projected 
onto the ecliptic plane. Only certain selected periods arc ana* 


l)/cd because of interference from other types of noise. Lach 
dircction-linding measurement in Figure 7 represents a I* 10 6- 
hour integration interval. 

By assuming that the source distribution remained constant 
during the event the apparent center of the source region can 
be estimated from the intersection of the ray paths observed at 
various local times. It is evident from Figure 7 that most of the 
continuum radiation during this event appears to come from 
the dawn side of the magnetosphere at a radial distance, pro- 
jected onto the ecliptic plane, of about 2-5 R f from the center 
of the earth Modulation index measurements aiso show that 
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Fig 5 Selected spectrum* of the received power flue before during and .ifier the continuum radiation event al 
comparable radial distance* from the earth All three spectrum* are from inbound pa**es m the local morning 
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hf 6 Electric Held intensities observed bv Imp X during the period from October 14 to October 17 The onset of the 
enhanced continuum radiation is clear l> evident from about 1700 to IMOO L'T on October 14. shortlv after the October 14 
magnetic disturbance (sec I igure 2). 


the source is verv broad, several earth radii in diameter These 
results are similar to previous directing-finding measurements 
of continuum radiation during less disturbed periods [Gunttn. 
1975). 

Outer Zone Et k tion Intensities Dt him. 
the Event of October 14-21. 1974. 

To tr> to identif) the charged particles responsible for the 
enhanced continuum radiation during this event, we have ana- 
l>/cd observations of the electron and proton intensities lor 
each pass of Hjwkevc I through the outer radiation /one 
during the October 14-21 event 

Plates I and 2 summarize the electron energv spectrums 
obtained with the Lepedea on Hawkcvc I before, during, and 
after the period of enhanced continuum radiation These 
measurements were gained with the ramp operational mode 
(high temporal r* olution) of the l epedea and cover the cn- 
cu*v range 70 eV to 27 kcV l ach spectrogram shows the 
responses ol the electron electrostatic anad/cr as a function of 
energv and time for a I -hour period as the spacecraft passes 
through the outer radiation /one at L values ranging Irom 
about 4 to 10 1 he ordinate ol each spectrogram gives the 
electron cnerev on an approximated logarithmic scale Irom **0 


cV to 27 kcV. The anad/cr responses arc color coded accord- 
ing to the logarithmic scale on the right-hand sides of these 
ligures. the high responses being red and the lowest responses 
being blue Tor these series of spectrograms the satellite spin 
axis is aligned approximated parallel to the local magnetic 
held direction Since the axes of the fields ol view of the 
Lepedea are directed perpendicular to the spin axis, the pitch 
angles sampled bv the instrument arc ^90° The starting times 
of the spectrograms are chosen to provide a set of measure- 
ments corresponding to approximated the same range of /. 
values for each pass The spectrograms of Plate I are for 
inbound passes in the local morning sector of the magneto- 
sphere. and the spectrograms of Plate 2 are lor outbound 
passes during local evening Because of telemetrv coverage 
limitations, observations are usuallv not available for con- 
secutive inbound and outbound passes through the outer radi- 
ation /one To studs temporal variations over a sevcral-dav 
period, it is therefore necessarv to intercompare measurements 
on the inbound (local morning) and outbound (local evening I 
passes 

1 he .nbound pass on October 14 (orbit 62) in Plate I occurs 
approximated 7 hours before the onset ol the enhanced son- 
tmuum radiation as determined bv Imp K 1 he electron m 
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tensities during (his p.iNs arc ivpic.il ol quiet conditions in the 
outer radiation /one in the local morning Moderate intensities 
ol low-cncrg). ^ I kcV. electrons ar present at large L values. 
/ £ 8, hut the intensities ol these electrons decrease rapid!) 
with decreasing /. These electrons are believed to be injected 
Ironi the night side plasma sheet and are convccted through 
the dawn and da) side magnetosphere bv the combined effect 
ol gradient drill and the dawn-dusk electric held The quies- 
cent electron intensities observed during this pass show that 
the magnetic disturbance on October 13 did not produce j 
durable injection of low -cnergv electrons into the outer radi- 
ation /one 

The nest inbound pass occurs on October 16 (orbit 63). 
approximate!) 2 davs after the onset of the enhanced contin- 
uum radiation T he outer /one electron intensities encountered 
during this pass have changed radicall) since the preceding 
pass A verv substantial increase ol electron intensities within 
the cnergv range from ^ I to 30 kcV is evident deep within the 
magnetosphere it L vjlues from about 4 to 8. The cncrgs 
spcetrums of these electron intensities are vcr> broad and 
exhibit peak differential intensities at e tcrgics from about I to 
10 ke\ Representative electron cncrgs spcetrums at L * 5.8 
for the inbound passes of orbit 62 (prior to electron injection) 
and orbit 63 (first pass alter injection) are compared in f igure 
8 Prcslorm electron intensities arc similar to those reported bv 
I vons and Williams [1 975) at these L values near the magnetic 
equator There is some evidence of satellite charging at these /. 
values when the spin modulation of electron intensities at E < 
400 cV is examined, a topic which will be discussed more 
ihoroughl) in a future paper (see. for example, the time period 
1240-1300 UT of the spectrogram lor orbit 63 of plate I) 
Specificall). the electron spcetrums at these lower electron 
energies exhibit peak intensities onls once per satellite spin 
period, these maxima being close!) centered at the minimum 
solar aspect angle relative to the nstrument fields of view The 



1 ep.Ue.i is sampling p»uh angles at about 90® for the enure 
spin period Hence onl) diflercnn.il electron intensities at E 
VUOcV have been shown in I igurc 8 The electron spcetrums at 
t * 900 cV a.e not significant) alTcctcd bv these charging 
event* I he electron intensities on orbit 63 arc among the 
highest encountered ro this date for this region of the outer 
/one 

Subsequent passes on October 18 (inbound orbit 64 and 
outbound orbit 65) and on October 20 (inbound orbit 65 and 
outbound orbit 66) continue to reveal the presence of this 
energetic electron distribution deep within the outer /one 
During the 4-das period from October 16 to October 20 the 
intensitv of these electrons gruduall) decreases, and the spatial 
distribution slow Iv spreads over a broader range of L v aiuc' \ 
striking d.iwn-dusl. asvmmetrv in electron intensities is also 
evident upon examination ol plate I (local morning) and Plate 

2 (local evening) B) comparing the inbound and outbound 
passes on October 18 and October 20 one can scr that both trie 
intensities and the average energies are greater in the ioul 
morning than in the local evening Electron intensities are also 
found on significant!) lower i shells during local morning Bv 
October 23 (orbit 67) the electron intensities for 5 < L < 8 
have decreased to about the prestorm values 

These observations show that extrcmelv high electron in- 
tensities were injected deep into the outer radiation /one some- 
time between approximate!) 0930 I T on Ostober 14 and 1245 
UT on October 16 Most likelv this injestion took place during 
the magnetic storm on October 14 After this iniection the 
electron intensities slowlv decreased over a scveral-dav period, 
through October 20. and subsided to prestorm intensities h\ 
October 23. 


Discission 

We have shown that unusuall) intense fluxes of low -cnergv 
I to 30 keV. electrons were observed deep in the outer radi 



f 'f 7 A senes of direction-finding measurement* ohtjmed from the Imp K spacecraft al various limes during ihe 
CXioher 14-21 even! Tf.v continuum radiation appears to be coming from a broad region ceniered in ihe da»n vector ol ihe 
nugnciovphrrc about 2-' /f, from the center of ihe earth 






Gl (Mil I MNK 01 IIR /i»N I Comini cm Kxiiui ion 



Fig 8 Fleet ron energ> spectrum* at / . * 5 8 in the local morning 
before (orbit 62) and after (orbit 63) the onset of the enhanced 
continuum radiation The electron intensities on orbit 63 are among 
the highest reported to date for this region deep inside the outer 
radiation /one The corresponding continuum radiation spectrum for 
this pass is shown in the center panel of Figure 5. 


ation /one during a period of greatly enhanced continuum 
radiation intensities which occurred from October 14-21. 
1972. The injection of these low-cncrgy electrons into the outer 
radiation /one took place some time in the 2-day period be- 
tween about 0950 UT on October 14 and 1245 01 on October 
16. The occurrence of a large magnetic disturbance at 1 700 U T 
on October 14 strongly suggests that these electrons were 
injected into the magnetosphere during this storm The onset 
of the enhanced continuum radiation intensities occurred 
coincident with this magnetic disturbance on October 14 Af- 


ter this magnetic disturbance, both the enhanced continuum 
radiation and the intense low-energy electron Duses were ob- 
served through October 20. with a qualitatively similar rate of 
decay of the respective intensities Direction-lmding measure- 
ments showed that the continuum radiation originated primar- 
ily from the morning side of the magnetosphere lhc low- 
energy electron intensities also showed a strong dawn-dusk 
asymmetry, the largest intensities occurring on the morning 
side of the magnetosphere These observation? all suggest that 
the enhanced continuum radiation is associated with the in- 
tense fluxes of low-energy electrons injected into the magneto- 
sphere during this event 

Although the enhanced continuum radiation occurs during 
the same interval ir which the intense Duxes of low energy 
electrons were detected, it is still not immediately certain just 
what range of electron energies is primarily responsible for the 
continuum radiation or just what mechanism is involved in the 
generation of the noise If the radiation is produced by the 
incoherent pvrosynchrotron process, as was proposed by 
Frankel |I973). then most of the radiation must come from 
high-energy. 200 kcV to I McV. electrons, since the mecha- 
nism requires relativistic energies to produce significant power 
fluxes. However, if the radiation is associated with lower elec- 
tron energies. 10 kcV or less, then a coherent plasma instability 
is rcouired to explain the observed intensities. Because Hawk- 
eye I docs not provide measurements of the electron energies 
involved in the gy rosynchrotron process and since we know of 
no other spacecraft which can provide suitable measurements 
during this event, the gy rosy nchrotron mechanism cannot be 
tested directly. 

Although Hawkcyc t does not have adequate measurements 
of the high-energy electron intensities to test the gyro- 
synchrotron mechanism directly, several factors suggest that a 
coherent plasma instability, involving interactions with low 



f ig V A mjgnetospheru model showing the qualitative radial variation and region of os\urre'ne ol the electros! jlic i n 
♦ f )l $ noise hand* and the continuum radiation I he conm uum radiation often appear* to he generated in the region near 
the electrostatic noise bands 
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energies. ^ 10 keV or less, should be seriously considered to 
explain continuum radiation events of this type. First, the 
temporal variation of the continuum radiation intensity during 
the storm corresponds closely with the observed temporal 
variation of the low-energy. ^ 10 keV, electron intensities but 
not with the expected temporal variation of the high-energy. 
^>00 keV. electron intensities After the onset of the October 
14 magnetic storm the intensity of the continuum radiation 
increased almost immed : itely. within a few hours or less. This 
time scale is comparable w ith the time scale in v.hich electrons 
with energies of ^10 keV are injected deeply into the outer 
/one during a magnetic storm The intensities of electrons with 
higher energies. - 500 keV. uowever. usually decrease dramati- 
cally during the initial phase of a magnetic disturbance on 
these L shells and then g adually increase to maximum in- 
tensity several days after the onset of the storm | Owens and 
Frank. 1 968 J. Since the primary electron injection into the 
outer radiation zone during this event probably look place in 
association with the October 14 magnetic storm, enhanced 
^500 keV intensities arc not expected until several days after 
the onset of the continuum radiation. Second, from exam- 
ination of the radial variation of the electric held intensities, 
such as is seen in Figures 3 and 4. it often appears that the 
continuum radiation is closely associated w ith intense bands of 
electrostatic noise which occur just outside the plasmapausc. 
Two excellent examples of relationships oi i s «s type arc shown 
in Figure 13 of Gurnet t [1975]. Our Figure 4 shows a similar 
case in which intense bands of electrostatic noise are evident 
near the low-altitude culotT of the continuum radiation at / 3c 
/ p (from about 1945-2000 UT in the 42.2-. 56.2-. and 100.0- 
kHz channels). These electrostatic noise bands occur at high- 
order (zi 4 \)[ t harmonics of the electron gyrofrequency f t and 
arc particularly intense at frequencies near the electron plasma 
frequency f p [Shaw and Gurnet i. 1975]. The relationship be- 
tween the continuum radiation and the (n + j)/ f noise bands 
suggested by these observations is illustrated in Figure 9. 
which shows an idealized radial profile of the frequency spec- 
trurns for both types of noise. Usually, the electrostatic noise 
bands at {n -F \)j t 3 f p arc most intense near and immediately 
outside of the plasmapausc. although in some cases these 
bands extend almost to the magnetopause. Third, as was dis- 
cussed by Frankel (1973). the power radiated by the incoherent 
gyrosyi.chrotron mechanism is about a factor of 5-15 too 
small to explain the observed continuum radiation intensity 
for a ty pical distribution of high-energy electrons injected into 
the outer radiation zone during a magnetic storm A coherent 
radiation process could easily account for the power flux of the 
continuum radiation. 

Several processes occur by which coherent plasma waves 
could produce electromagnetic emissions such as the contin- 
uum radiation. If the electric held amplitude of the plasma 
waves is sufficiently large, nonlinear interactions can cause the 
generation of electromagnetic radiation Nonlinear inter- 
actions of this type arc thought to be the mechanism by which 
type 3 radio noise bursts arc produced from electrostatic 
plasma oscillations [ Ginzourg and Zheleznyakov. 1958). Gur- 


nett and Shaw (1973) proposed that the trapped continuum 
radiation (referred to as / > f p electromagnetic noise) is pro- 
duced by coherent cyclotron radiation from the high-order. 
n) t . rotating charge distributions associated with the elec- 
trostatic (n 4 i)/f electrostatic noise bands. Essentially, the 
electrostatic wave acts to organize the phases of the electrons, 
thereby greatly increasing the power r idialed at the high har- 
monics of the cyclotron frequency. 5t a/f (1974), using a sim- 
ilar mechanism, proposed that wave-wave coupling between 
the (n 4 J)/ f electrostatic noise bands is involved in the gener- 
ation of decamctric radio emissions from Jupiter. These vari- 
ous mechanisms suggest that it is entirely possible, on theoret- 
ical grounds, that the enhanced continuum radiation is 
generated by low-energy. I to 30 keV. electrons via inter- 
actions with electrostatic plasma waves. Further investigation 
of similar events with instrumentation suitable for directly 
testing the gyrosynchrotron mechanism is needed to definitely 
establish the mechanism by which this radiation is produced 
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Abstract. Direction-finding measurements with the plasma wave experiments on the HAWKEYF 1 and 
IMP 8 satellites are used to find the source locations of type HI solar radio bursts in heliocentric 
latitude and longitude in a frequency range from 31.1kHz to 500 kHz. IMP S has its spin axis 
perpendicular to the ecliptic plane; hence, by analyzing the spin modulation of the received signals the 
location of the type III burst projected into the ecliptic plane can be found. HAWKEYE 1 has its spin 
axis nearly parallel to the ecliptic plane; hence, the location of the source out of the ecliptic plane may 
also be determined. Using an empirical model for the emission frequency as a function of radial 
distance from the sun the three-dimensional trajectory of the type 111 radio source can be determined 
from direction-finding measurements at different frequencies. Since the electrons which produce these 
radio emissions follow the magnetic field lines from the Sun these measurements provide information 
on the three-dimensional structure of the magnetic field in the solar wind. The source locations 
projected into the ecliptic plane follow an Archimedean spiral. Perpendicular to the ecliptic plane the 
source locations usually follow a constant heliocentric latitude When the best fit magnetic field line 
through the source locations is extrapolated back to the Sun this field line usually originates within a 
few degrees from the solar flare which produced the radio burst. With direction-finding measurements 
of this type it is also possible to determine the source size from the modulation factor of the received 
signals. For a type 111 event on June 8. 1974, the half angle source size was measured to be -60° at 
500 kHz and ~40* at 56.2 kHz as viewed from the Sun 


1. I n Iro duel ion 

Broadband radio emissions of solar origin characterized by a rapid decrease in 
frequency with increasing time were first reported by Wild and McCready (1950) 
and designated type 111 radio bursts. These first observations of type III bursts 
were made in the frequency range from 70 to 130 MHz. In addition to being 
characterized by a rapid frequency drift, type 111 bursts have lifetimes which 
increase with decreasing frequency and have shorter rise times than decay times. 
The amplitude of the bursts during the decay is proportional to e~ kl (Wild 1950), 
where k is the decay constant and t is time. For a general review of ground-based 
type HI radio burst observations sec Kundu (1965). 

Wild et ai (1954) speculated that the rapid freouency drift is caused by charged 
particles moving outward through the solar corona emitting electromagnetic 
radiation at a frequency characteristic of the solar wind. Solar flare electrons with 
energies of ^40 keV were first observed in the interplanetary medium and 
identified to be of solar origin by Van Allen and Krimigis (1965). A high 
correlation between the onset of solar flare electrons in the energy range of l to 

# Presented at Workshop on “Mcchani. ns for Solar Type 111 Radio Bursts”. Berkeley, California. 
May 8-9. 1975; see Solar Phys. 46, 433. 
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100 keV and type 111 emission near 1.0 AU indicates that these electrons 
generate the type 111 bursts (Lin, 1970; Alvarez ft ai % 1972; Frank and Gurnett, 
1972; Lin et al. % 1973; Alvarez ft al. % 1975; Gurnett and Frank, 1975). 

Measurements of the frequency drift rates of type 111 bursts provide informa- 
tion on the solar wind density, if the frequency of emission as a function of 
heliocentric radial distance is assumed to be related to the local plasma frequency. 
The velocity of the exciter electrons may also be determined from the frequency 
drift rates. Exciter velocities ranging from 0.2 to 0.8 times the velocity of light 
with an average velocity of 0.45c were calculated for frequencies between 60 and 
45 MHz (Wild et a/., 1959). The average exciter velocity calculated from measure- 
ments by the RAE 1 satellite for frequencies between 0.7 MHz and 2.8 MHz was 
0.38c (Fainbcrg and Stone, 1970). Other drift rate measurements give similar 
results (Hart/., 1964, 1969; Alexander ct ai % 1969; Haddock and Graedel, 1970; 
Fainbcrg and Stone, 1971). These drift rate measurements give electron velocities 
that are in agreement with the energy range of the solar electrons observed in the 
interplanetary medium by the satellite experiments. 

Ginzberg and Zhelezniakov (1958) suggested that type 111 bursts are generated 
by a coherent Cerenkov process. The energetic particles generate plasma waves at 
a frequency near the local plasma frequency by a two-stream instability. Then the 
plasma waves scatter otl ion density inhomogeneities to produce electromagnetic 
radiation near the plasma frequency and also scatter off other plasma waves to 
produce radiation near the second harmonic. The theory has since been revised 
but the process is basically the same (Smith, 1970, 1974). 

Models of the density of the ,olar wind can be used to determine the radial 
distances from the sun at which type 111 bursts radiate at different frequencies. 
Kaiser's (1975) study of the solar elongation of type 111 bursts indicates that the 
density of the solar wind from approximately 0.1 AU to 1.0 AU varies as R y 
where 2 ^ y =£ 3. Measurements of several thousand events were used to formulate 
the RAE emission level scale (Fainberg et a i., 1972; Fainbcrg and Stone. 1974). 
The RAE emission level scale relates the frequency of emission of a type III burst 
to the radial distance of the burst from the Sun. A solar wind density model can 
be computed from the RAE emission level scale if it is assumed that the radiation 
occurs at the fundamental or second harmonic of the plasma frequency. Initially 
the radiation was assumed to be at the fundamental of the plasma frequency 
(Fainberg et u/., 1972). The solar wind density models formulated from the 
analysis of type 111 bursts assuming emission at the fundamental of the plasma 
frequency usually disagreed with the observed plasma densities at 1.0 AU 
(Newkirk, 1967). Evidence now exists that radiation is predominantly at the second 
harmonic for low frequencies (Fainberg et ai . 1972; Fainberg and Stone, 1974: 
Lin ft ai, 1973; Haddock and Alvarez, 1973; Alvarez et al. % 1975; Kaiser, 1975). 
The assumption of second harmonic emission brings densities calculated from the 
RAE emission level scale to better agreement with solar wind density measure- 
ments at 1.0 AU. For a model of the solar wind plasma density this paper uses the 
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RAE emission level scale with the assumption of second harmonic emission. For a 
review of density measurements see Newkirk (1967). 

Since the electrons that generate type III bursts travel along the solar magnetic 
field lines, information can be obtained about the structure of the interplanetary 
magnetic field by analyzing the direction of arrival of a type III burst as a function 
of frequency. The source location of the type III burst can be determined from 
, the direction-finding measurements and the radial distance of the emission from 
the Sun can be computed from a model of the solar density. The source location 
of the burst as a function of frequency, and hence radial distance, traces the 
^ magnetic field out from the Sun. 

The first direction-finding measurements of type IIJ bursts were made by Slysh 
(1967) using spin modulation and lunar ociultations of the Luna 11 and 12 
satellites to determine the source locations. Direction-finding measurements on 
the IMP 6 spacecraft confirmed that the type III emission regions as a function of 
frequency, and hence the electrons generating the type III bursts, follow the 
Archimedean spiral structure of the solar magnetic field (Lin et a/., 1973; 
Fainberg et a/., 1972; Fainberg and Stone, 1974; Stone, 1974). 

Up to the present time direction-finding measurements of type III radio bursts 
have only provided one coordinate, in the plane of rotation of the antenna, of the 
direction of arrival. These one-dimensional measurements therefore only give a 
projection of the source location and do not provide a unique determination of 
the trajectory of the radio burst. Measurements of the source size from the spin 
modulation are similarly ambiguous for such one-dimensional measurements since 
the modulation of the received signal is also a function of the unknown elevation 
angle of the source above the plane of rotation of the antenna. 

The purpose of this paper s to present a series of two-dimensional direction- 
finding measurements of type III radio bursts using spin modulation measure- 
ments from two satellites (IMP 8 and HAWKE YE 1) which have their spin axes 
nearly perpendicular to each other. Simultaneous direction-finding measurements 
from these satellites provide a unique determination of the direction of arrival 
(along a line) and the angular size of the source. This two-dimensional direction- 
# •• finding technique is used, together with a model for the solar wind plasma density, 
to provide determinations of type III source locations out of the ecliptic plane and 
information on the three-dimensional structure of the solar magnetic field at 
' radial distances of 0.2 to 1.0 AU from the Sun. 

2. Description of Instrumentation 

Data from two satellites, IMP 8 and HAWKE YE 1, are used in the direction- 
finding analysis. The three events analyzed occurred during June and July, 1974. 
All of the data presented in this paper were taken while the satellites were in the 
solar wind. Therefore, it was possible to analyze events down to frequencies near 
the solar wind plasma frequency, which is typically about 25 kHz at 1.0 AU. 

The IMP 8 spacecraft was launched into earth orbit from the Eastern Test 
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Range on 26 October, 1973. The orbit is slightly eccentric with initial perigee 
and apogee geocentric radial distances of 147434 km and 295034 km, respec- 
tively, inclination of 28. 6°. and period of 11.98 days, the spacecraft is spin 
stabilized with its spin axis oriented very nearly perpendicular to the ecliptic plane 
with a spin period of about 2.59 sec. 

The University of Iowa plasma wave experiment on IMP 8 measures the 
average electric field intensity in a frequency range from 40 Hz to 2 MHz and the 
average magnetic field intensity from 40 Hz to 1.78 kHz. The electric field 
receiver is connected to a dipole antenna with a nominal tip-to-tip length of 
121.8 m extended perpendicular to the spin axis, and the magnetic field receiver is 
connected to a triaxial search coil magnetometer. Electric field spectral measure- 
ments are made in 5 fixed frequency channels extending from 40 Hz to 178 kHz 
and in one channel with selectable frequency. The selectable frequency channel 
may be tuned to measure the average electric field intensity at 31.1 kHz, 500 kHz, 
or 2 MHz with a bandwidth of ± 1.0 kHz. 

The HAWKE YE 1 spacecraft was launched into polar earth orbit on June 3, 
1974 from the Western Test Range. The orbit is highly eccentric with initial 
perigee and apogee geocentric radial distances of 6847 km and 130 856 km, 
respectively, inclination of 89.79°, and period of 49.94 hours. The initial argu- 
ment of perigee is 274.6°; thus, apogee is almost directly over the north pole. The 
spacecraft is spin stabilized with a spin period of about l l.Osec. The spin axis lies 
in the plane of the orbit and is nearly parallel to the equatorial plane with a right 
ascension of 300.7° and declination of 6.8°. 

lire HAWKEYE 1 plasma wave experiment is similar to the IMP 8 plasma 
wave experiment. The electric field receiver is connected to a dipole antenna with 
a nominal tip-to-tip length of 42.45 m extended perpendicular to the spin axis. 
The magnetic field receiver is connected to a search coil magnetometer that is 
oriented parallel ,o the spin axis. Electric field spectral measurements are made in 
16 fixed frequency channels extending from 1.78 Hz to 178 kHz, and magnetic 
field spectral measurements are made in 8 frequency channels extending from 
1.78 Hz to 5.62 kHz. 

3. Direction-Finding Technique 

A. Calculation of thk dirfction of arrival 

The amplitude of the detected signals from each satellite has a modulation caused 
by the rotation of electric dipole antenna. The angular position of the null in the 
modulation pattern can be used to determine a component of the source direc- 
tion. The null in the modulation pattern occurs when the antenna is most nearly 
parallel to the wave propagation vector, and the maximum occurs when the 
antenna axis is perpendicular to the propagation vector. The depth of the null is 
determined by the size of the source and the elevation angle, a, between the plane 
of rotation of the antenna and the source direction. As o increases or as the 
source size increases the depth of the null decreases. 
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For both HAWKFYE 1 and IMP 8 the data sampling intervals are comparable 
to the spin period; thus, many rotations of the satellite are required to obtain a 
uniform angular distribution of samples through 360°. The time period necessary 
to collect a complete £*t of samples through 360° will be referred to as a sampling 
cycle. 

The direction-finding routines used for analysis normalize the data to reduce 
the effects of amplitude changes that take place in a time interval that is long 
compared to the spin period. This normalization is performed by subtracting the 
average of all samples in the sampling cycle from each of the individual samples. 
Since the samples are proportional to the logarithm of the electric field intensity 
the normalization process is equivalent to dividing each sample by the geometric 
average intensity during the sampling cycle. 

To determine the null direction, 6, data is accumulated over the duration of the 
type III event at each frequency and is then fit by the method of least squares to 
the theoretical modulation envelope given by 

(DX-!)-?-™ -«»• o) 

where E/E 0 is the normalized intensity and S y is the orientation angle of the 
electric antenna axis in the plane of rotation of the antenna. The null direction, 6. 
is the direction to the centroid of the source projected onto the spin plane of the 
antenna. The modulation factor, m, provides a quantitative measure of the null 
depth: m is zero for no spin modulation, and m is one for the maximum 
modulation. The null direction computed represents the least squares fit 6 over 
the duration of the event. Each sample receives an equal weighting in the analysis. 
Since the dipole pattern is assumed to be symmetric, the data from 90 °^6 y < 270° 
is shifted into the range from -90°^6 y <90° by subtracting 180°. 

Another direction-finding routine used for IMP 8 computes the null direction 
averaged over 10 minute intervals, rather than the average null direction for the 
entire event. For this routine samples from the current sampling cycle receive a 
weight of 1 while samples from previous sampling cycles are multiplied by a 
weighting factor that decreases exponentially for earlier times. The exponential 
weighting factors make it possible to compute 8 averaged over a shorter pre- 
selected time interval in order to study changes in the direction of arrival during 
an event. 

B. Geometry in the analysis 

The null direction computed from each satellite locates a plane in which the 
source must lie. The source lies along the intersection of the source planes 
determined by the two satellites. Figure l shows the geometry of the source 
planes and the angles and vectors used for the computation of the source location. 
The spin plane is the plane in w hich the antenna rotates. Tie spin axis, S. is 
perpendicular to the spir plane. The source plane is the plant ; n which both the 


366 


MARK M. BAUMBACK ET AL 




Fig. 1. The position of the source plane relative to the satellite spin axis, null position (5), and the Sun 
for HAWKE YE 1 and IMP 8 The vector n is perpendicular to the source plane, and the spin axis (S) 
is perpendicular to the spin plane. The source planes for IMP 8 and HAWKEYE 1 intersect, and the 
source is located along this intersection. The source location is computed by taking the cross product 
between n, f a vector normal to the IMP 8 source plane, and ri 2 , a vector normal to the HAWKEYE 1 
source plane. B is the angle between the spin axis of the satellite and the Sun<satellite line. 


spin axis of the satellite and the source lie. The angle between the satellite-Sun 
line projected into the spin plane and the intersection between the spin plane and 
the source plane is 8. Normals to both souice planes are constructed. ri| is normal 
to IMP 8’s source plane and n 2 is normal to HAWKEYE Ts source plane. The 
source location vector is given by rij x n 2 . There is, however, a 180° ambiguity in 
the source location. At high frequencies this ambiguity is decided by assuming 
that the source is in the direction toward the Sun. At lower frequencies, where the 
sourcfe could be located at radial distances beyond 1.0 AU if the emission is at the 
second harmonic of the plasma frequency, the ambiguity is decided by requiring 
the source position to be in agreement with an extrapolation of the measurements 
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at higher frequencies. The source direction computed from n { x n 2f after deciding 
the ambiguity, is given in geocentric solar ecliptic coordinates, A 0 se and ^ose- 
The angle A G se is the geocentric solar ecliptic latitude of the source, measured 
positive northward from the ecliptic plane. The angle <p c ,sE is the solar ecliptic 
longitude of the source, measured positive counter-clockwise from the Sun- 
satellite line as viewed from the north ecliptic pole. Since the IMP 8 spin axis is 
perpendicular to the ecliptic plane the null angle 6, which is referenced to the Sun 
direction, is identical to the geocentric solar ecliptic longitude of the source. 

4. Characteristics of Type III Bursts Observed by 
IMP 8 and HAWKEYE 1 

At frequencies below 1 MHz, type III bursts have several readily observed 
features. Type III bursts are characterized by a rapid decrease in frequency with 
increasing time. The modulation factor of the burst varies with frequency and 
time. The direction of arrival is also observed to vary in time for any one 
frequency. Figure 2 shows a type III event observed simultaneously by both IMP 
8 and HAWKEYE 1. This figure is a plot of the logarithm of the electric field 
intensity measured by the plasma wave experiments on board the two satellites. 
The data from seven frequency channels of each experiment are displayed as a 
function of time. Notice that in addition to a type III event, other naturally 
occurring radio signals such as auroral kilometric radiation and magnetosheath 
electrostatic noise are observed. The characteristic frequency drift is evident in 
the type III event shown in Figure 2. 

The modulation factor observed at a particular frequency is usually greater near 
the start of the burst than near the end of the burst. The modulation factor also 
decreases with decreasing frequency. At 500 kHz the modulation is usually 
greater than 0.80 while at frequencies on the order of the local plasma frequency 
at 1.0 AU the modulation disappears completely. Figure 3 shows data from the 
100 kHz channel of the IMP 8 experiment. In the top panel the logarithm of the 
electric field intensity is plotted as a function of time. The modulation of the 
received electric field intensity caused by the rotation of the dipole antenna is 
seen as a periodic amplitude fluctuation with a periodicity of about 100 sec. The 
bottom panel of Figure 3 displays the modulation factor calculated from Equation 
(1) as a function of time. The modulation factor at the start of the burst is about 
0.65 while near the end of the burst the modulation factor is about 0.25. 

At a particular frequency the direction of arrival changes systematically during 
the duration of the burst, usually starting near the Sun and deviating away from 
the Sun later in the event. The direction of arrival usually varies over a wider 
range at the lower frequencies. At 500 kHz there is a shift in ^ GS e of the source 
of about 10°, while at 56.2 kHz the ^ G se shif:s by as much as 60°. An example of 
this angle drift at 100 kHz is shown in the center panel of Figure 3. <p G se is 
initially near 0° (in the direction of the Sun). t>ut then chang. ; to approximately 
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Fig 2 . A type III burst obscr\cd simultaneously by HAWKEYE 1 and IMP 8 The type HI burst is 
characterized by a rapid decrease in frequency with increasing time, and at each frequency the 
intensity has a rapid rise time followed by a slower exponential decay. 

45° at the end of the event. To compute the source locations for the events 
analyzed in this paper, the direction of arrival is the least squares fit 5 computed 
over the duration of the event. 

5. Plasma Density and Solar Magnetic Field Modes 

Models of the solar wind density and the solar magnetic field are necessary to 
determine the source locations of the type III burst in three-dimensions. Since 
data from only two satellites arc used in the analysis, only two components of the 
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IMP 6 JUNE 21. 1974 

Fig. 3. The amplitude, geocentric solar ecliptic longitude, and modulation factor for a type III hurst 
detected by IMP 8 on June 21 at 100 kHz The spin modulation is evident as a small amplitude, 
periodic change in the observed intensity. The longitude drifts from near zero degrees near the 
begining of the event to about 45° near the end The modulation factor near the beginning of the event 
averages about 0 65, dropping to about 0.25 at the end of the event The apparent shift in source 
location could be caused by polarization effects, density inhomogeneities, or by radiation from 
different source regions at both the fundamental and second harmonic of the plasma frequency. 


source locations can be determined. A model of the solar wind plasma density 
provides the information required to determine the th»rd component of the source 
locations. 

A. RAE EMISSION LEVEL SCALE 

The frequency of emission of type III bursts is a function of solar wind density; 
therefore, if a density scale of the solar wind as a function of heliocentric radial 
distance is assumed, it is possible to calculate the distance from the Sun to the 
type III burst emission region. The RAE emission level scale (Fainberg and 
Stone, 1970, 1974; Fainberg et a/., 1972) gives the frequency of emission as a 
function of heliocentric radial distance, independent of any assumption of the 
solar wind density. A density scale for the solar wind can be computed by 
assuming that the frequency of emission is at either the plasma frequency or at a 
harmonic of the plasma frequency. The density scale shown in Figure 4 is based 
on the RAE emission level scale and assumes emission at the second harmonic of 
the plasma frequency. 

Since the RAE emission level scale is an average of many thousands of bursts, 
it is desirable on an individual basis to adjust the RAE emission level scale so that 
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Fig. 4. The RAF emission level scale gives the average radial distance of a type III burst from the 
Sun as a function of frequency of emission. The density scale assumes emission at the second harmonic 
of the plasma frequency. For one of the events analyzed the RAE emission level scale has adjusted so 
that the density at 1.0 AU agreed with in siru measurements at 1.0 AU. 


the density scale agrees with the plasma density measured at 1.0 AU in the solar 
wind. When the trajectory of the exciter electrons passes near the earth and in situ 
measurements of the solar wind denary are available, the RAE emission level 
scale is adjusted to agree with the density measurements. 

B. Solar magnetic field line configuration in the ecliptic plane 

In the interplanetary medium the magnetic fields are constrained to move with the 
solar wind plasma flow. For the simplest model, the solar wind plasma flows 
radially out of the Sun at a constant velocity of approximately 400 km/sec* 1 . 
Since the Sun is rotating the resulting magnetic field projected into the ecliptic 
plane corresponds to an Archimedean spiral (Parker, 1963, 1964, 1965). Meas- 
urements in the ecliptic plane confirm the general spiral structure of the magnetic 
field (Schattcn et al . , 1968; and review by Schatten, 1972); however, the magnetic 
field is usually distorted from a perfect spiral configuration. For example, changes 
in the velocity of the solar wind will produce kinks in the spirals. Other 
distortions may be caused by variations in the magnetic field near the Sun and by 
magnetic field loops in which the field lines near the Sun reconnect back to the 
Sun (Schatten, 1972). 

C. Solar magnetic field line structure in the meridian plane 

No direct measurements have been made of the solar magnetic field configuration 
out of the ecliptic plane, in the interplanetary medium. The structure of the solar 
magnetic field may be deduced by indirect measurements, such as the analysis of 
type 111 bursts, because the trajectory of the electrons that generate type 111 
bursts is along the solar magnetic field lines. 
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Fir 5 . Three models of the solar magnetic field Cnnsfiinf latitude Archimedean spirals wound on 
cones of constant heliocentric latitude Comergent field line model Archimedean spiral held lines 
which extend to lower heliocentric latitude with increasing radial distance Ditrrgent fie/d line model: 
Archimedean spiral field lints which extend to higher heliocentric latitudes with increasing radial 

distance 
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The simplest model of the solar magnetic field out of the ecliptic plane is the 
constant latitude model shown in Figure 5, which corresponds to a uniform ladial 
Row of the solar wind plasma away from the Sun. Projected into the ecliptic plane 
the field lines are Archimedean spirals, while in a meridian plane the magnetic 
field lines are at a constant latitude. The constant latitude model corresponds to 
Archimedean spirals wound on cones of constant heliocentric latitudes. 

The structure of the solar corona photographed during solar eclipses indicates 
that high latitude polar fields may extend to low latitudes at 1.0 AU (Schatten, 
1972). The convergent field line model shown in Figure 5 is suggested by these 
observations. For this model the solar magnetic field projected into the ecliptic 
plane follows the Archimedean spiral but in the meridian plane the magnetic field 
lines extend to lower heliocentric latitudes with increasing radial distances. 

Magnetic field measurements near 1.0 AU show a consistent skewing of the 
magnetic field away from the equatorial plane (Coleman and Rosenberg. 1971; 
Rosenberg and Winge, 1974). Such skewing may be caused by magnetic field 
diffusion in the interplanetary medium (Schatten, 1972). Stream interactions may 
contribute to an azimuthal velocity component in the solar wind or to a net 
divergence of mass and magnetic flux away from the equatorial plane (Sucss et al , 
197S). The divergence of the magnetic field away from the equator could also be 
caused by magnetic pressure. The magnetic field spiral angle and, therefore, the 
magnetic pressure changes with heliocentric latitude. The magnetic pressure is 
greatest near the equator, causing mass and magnetic flux to be carried away from 
the equatorial plane (Sucss. 1974; Suess and Ncrncy, 1975). These observations 
suggest the divergent field line model shown in Figure 5. The magnetic field 
projected into the ecliptic plane follows an Archimedean spiral, but in the 
meridian plane the magnetic field lines extend to higher heliocentric latitudes 
with increasing radial distances. 

Coronal photographs and in situ measurements of the solar magnetic field each 
suggest different models of the solar magnetic field. It is the purpose of this paper 
to test these various solar magnetic field models. 

6. Analysis of Events 

Twenty type 111 events were initially chosen from the first 43 orbits of HAWK- 
EYE 1 and from the same time period for IMP 8 (June through August, 1974). 
Of the initial 20 events only three events were analyzed in detail, while the others 
were thrown out for various reasons. Some events were multiple events originat- 
ing from different regions of the Sun. Other events did not have adequate 
coverage with both satellites and for some events the modulation factor was too 
low to determine the direction of arrival accurately. 

A. DlRrCIION Of ARRIV/L ANALYSIS 

Figures 6, 7, and 8 show the source locations for the three events that were 
analyzed as determined by simultaneous direction-finding measurements from 
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F. r 6. Source locitions for a type III event Ounc RV The source locations follow an Archimedean 
spiral configuration in the ecliptic plane The source locations out of the ecliptic are shown as a 
function of heliocentric latitude and radial distance The bottom panels show the geocentric longitude 
and latitude of the source predicted h> a least squares fit of the constant latitude field line model to the 
observed geocentric Tongitudes and latitudes Note that this esent deviates from the constant '.atitude 
model at 56 2 kHr and 42.2 kHz implving that the magnetic field lines mav extend to lower 
heliographic latitudes with increasing radial distance The predicted flare location is found by 
extrapolating the least squares fit held line back to the Sun 

HAWKEYE 1 and IMP 8 data, the RAE emission level scale, and the assumption 
of emission at the second harmonic of the plasma frequency. Since the trajectory 
of the burst in the first event (shown in Figure 6) was near the Earth the RAE 
emission level scale was adjusted so that the density scale agreed with in situ 
measurements of the solar wind density at 1.0 AU (M. Montgomery, personal 
communication, 1975). The RAE emission level scale was not adjusted for the 
last two events (shown in Figures 7 and 8) because the trajector\ of the bursts 
were so far from the Earth that the densities measured by IMPS could not be 
considered representative of the density at 1 0 AU along the trajectories of the 
bursts/ 

For each event an Archimedean spiral is fit through the source locations projected 
into the ecliptic plane. Since HAWKEYE Is spin plane is not oriented exactly 
perpendicular to the ecliptic plane it is necessary to know the coordinate of 
the source position before A C af can be determined It could not be 

determined from the IMP 8 data it was computed from the Archimedean spiral fit 
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Fig. 7. Direction-finding measurements for another type III event (July 5). Projected the ecliptic 
plane the source locations follow an Archimedean spiral configuration. Out of the ecliptic plane the 
source locations are at nearly constant heliocentric latitudes. Except for the 100 kHz emission the data 
is consistent with the constant latitude model. 


through the available data points. Errors in A G se caused by computing ^ GSE are 
estimated *o be smaller than 3°. The GSE latitudes (A GS e) and GSE longitudes 
(<Pgse) for the three events are summarized in Table I. Any A GS e in Table I that 
required the Archimedean spiral fit to compute <p GS E is indicated by an asterisk. 

The upper left-hand panel in Figures 6, 7, and 8 shows the source locations 
projected into the ecliptic plane and the best fit Archimedean spiral through the 
source locations. A solar wind velocity of 400 km s'* wa used to construct the 
Archimedean spiral. The lower left-hand panel shows the Geocentric Solar 
Ecliptic longitude (<p GS e) of the least squares fit Archimedean spiral a< viewed 
from Earth as a function of heliocentric radial distance. The experimental values 
of <Pgse are also shown. The upper right-hand panel shows the heliocentric 
latitude of the source location as a function of frequency, and the least squares fit 
magnetic field line using the constant latitude model. The lower right-hand panel 
shows the geocentric solar ecliptic latitudes (A GS f.) of the best fit field line as a 
function of heliocentric radial distance and the observed A GS e of the source 
locations. 

The most probable flare location for each event is found by extrapolating the 
magnetic field line obtained from the constant latitude model back to the Sun. For 
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Fig. 8 Direction-finding measurements for the third type 111 event (July 6). Projected into the 
ecliptic plane the source regions follow an Archimedean spiral configuration Out of the ecliptic the 
source locations are at very nearly constant latitude, which is in excellent agreement with the constant 
latitude model for the solar magnetic field 

the three events analyzed the differences between the actual flare location 
(NOAA, 1974, 1975) and the flare location computed from the least squares lit 
magnetic field line are in all cases less than 9° in heliocentric latitude and less than 
12° in the heliocentric longitude. The first event, shown in Figure 6, deviates 
significantly from the constant latitude model of the magnetic field. The heliocen- 
tric latitude ot the 100 kHz, 56.2 kHz. and 42.2 kHz source locations suggest that 
the convergent field line model may best represent this event. The other two 
events (Figures 7 and 8) arc best represented by the constant latitude model. 

• B. Source size of type hi bursts 

The modulation factor of the emissions can be used to estimate the source size 
when the elevation angle, a, of the source is known. For this analysis the half 
angle source size is defined as the angle between a line from the observer to the 
centroid of the source and a line from the observer to the edge of the source. The 
source is modeled as a thin, flat disk from which radiation is emitted with a 
uniform intensity. For a given source size the solid angle of the disk remains 
constant for all elevation angles, a. The calculated source sizes represent the 
longitudinal extent of the source. 
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TABLE I 

Latitude and longitude of type 111 radio bunts 
(geocentric volar ecliptic coordinates) 


Frequency 

Latitude 

Longitude 

June 8, 1974 

500 kHz 

— 

-7*± r 

178 kll/ 

— 

-16‘±i‘ 

100 kHz 

- 24* * 6* 

-2 o*±r 

56.2 kHz 

-ir±7° 

r±r 

42.2 kHz 

-10*±9“ 

— 

31.1kHz 

-32* ±32** 

— 

July 5. 1974 

178 kHz 

-21*± 7* 

- 2 *±r 

100 kHz 

- 2 <r±r 

15* ±6* 

56 2 kHz 

-30* ±16“ 

— 

42.2 kHz 

-32* ±25“ 

— 

July 6, 1974 

500 kHz 

— 

-5*± 1 

178 kHz 

— 

-8*±r 

100 kHz 

— 

4*±r 

56.2 kHz 

-31° ±8“ 

— 

42.2kllz 

-25* ± 15“ 

— 

31.1kHz 

-ll # ± 15“ 

— 


‘Involves model fitting, not a direct measurement 
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Fig 9. The source size of a tvpe 111 bunt as a function of frequency as seen from the Farth using a 
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Fi** 10. Source sizes as a function of frequency for the same event as in Figure 0 viewed from the 
Sun. Note that the source size remains essentially constant in the range from 500 to 100 kHz. The 

source sizes arc, however, larger than those previously determined from particle measurements 

Figure 9 shows the source sizes of the June 8 event as viewed from the Earth. 
As would be expected, the source size increases as the emission region nears the 
Earth. Figure 10 shows the source sizes for the same event, but, as viewed 
from the Sun. The source sizes at 500 kHz, 178 kHz and 100 kHz remain 
relatively constant with increasing radial distance; however, they are approxi- 
mately twice as large as the 60° full-width-half-maximum values that Lin (1974) 
and Alvarez et at. (1975) report for particle fluxes associated with type 111 events. 
Scattering of the radio emissions may be responsible for the large apparent source 
sizes. 


7. Discussion 

Two of the three type III events presented in this paper are in agreement with the 
constant latitude model of the solar magnetic field. One event (June 8) is more 
consistent with the convergent field line model. However, the convergent field line 
model contradicts some measurements of the skew ing of the magnetic field away 
from the equatorial plane which have been made at 1.0 AU (Coleman and 
Rosenberg. 1971; Rosenberg and Winge. 1974). None of the events presented 
indicates that the magnetic field lines cross the ecliptic plane or that the divergent 
field line model is valid. Additional evidence supporting the constant latitude 
model is that the predicted flare locations are in good agreement with the 
observed flare locations. 
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Three features of type 111 bursts presented in this study arc of special interest. 
The source sizes measured are a factor of two larger than the angular sizes of the 
solar electron emissions from a flare reported by Lin (1974) and Alvarez ft aL 
(1975). The modulation factor tends to be largest near the beginning of an event, 
and the direction of arrival of the radiation varies systematically during the event, 
usually starting near the Sun and deviating away from the Sun later in the event. 

One possible explanation of all three features is a combination of emission at 
both the fundamental and the second harmonic of the plasma frequency. If a 
stream of particles generating a type III burst moves outward from the Sun and 
generates emission at both the fundamental and second harmonic of the plasma 
frequency the fundamental emission would be seen first in a particular frequency 
channel, followed by the second harmonic emission. The shift in the direction of 
arrival of the radiation could be explained by emission containing both fundamen- 
tal and second harmonic radiation. The fundamental emission region would be 
closer to the Sun than the second harmonic emission region; therefore, for most 
Archimedean spiral positions the direction of the source would start near the Sun 
and drift away from the Sun in a systematic way, as is observed in many cases. A 
larger angle shift would be seen in the lower frequency channels because the 
source locations are closer to the earth. The source size would be smaller for 
fundamental emission because the size of the source region grows larger with 
increasing radial distance from the Sun, and the source region for fundamental 
emission is usually farther from the Earth than the second harmonic source 
region; explaining the higher observed modulation factor near the start of the 
event. With simultaneous emission of both fundamental and second harmonic 
radiation the apparent source sizes would be much larger than the individual 
rourcv sizes for fundamental and second harmonic emission. 

There are other possible explanations for the systematic drifts in source location 
and variations in the modulation factor which should also be considered. Ir- 
regularities in the solar wind density could cause different regions to radiate at the 
same frequency at different times thus causing the observed changes in the 
angular position of the source. If the radiation is not circularly or randomly 
polarized, changes in the polarization could affect the direction-finding measure- 
ments and produce effects of this type. However, polarization effects are least 
important in the direction-finding analysis when the source location is near the 
spin plane of the antenna. For the IMP 8 measurements the source is usually very 
near the spin plane, which minimizes errors of this type. 

Although irregularities in the solar wind density or polarization effects may 
cause the systematic drift in the direction of arrival of radiation from a type 111 
event at one frequency, there is currently no completely adequate explanation of 
the drift in source position. Although the changes in the direction of arrival could 
be caused by a combination of fundamental and second harmonic emission there 
is still no direct evidence that emission occurs at both frequencies. The effects of 
changes in the source position are thought to be reduced in this study since the 
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source locations are averaged over the duration of the event. However, the 
explanation of the drift may provide important insight into the type 111 emission 
processes in the solar wind nnd should be studied in detail. 

The results of the analysis presented in this paper are model dependent. It is 
necessary to use a density scale to determine the heliocentric radial distance at 
which the radiation is generated. The requirement to assume a density model can 
« ' be eliminated if the source position is determined by triangulation. For example, 
simultaneous direction-finding measurements from three spacecraft, two located 
• near the Earth to establish the Earth-source line and one located far from the 
I Earth to determine the source position along the line, can provide measurements 
of this type. We hope that simultaneous radio direction-finding measurements 
from the HELIOS 1 and 2 spacecraft, which arc now in orbit around the Sun, and 
from the IMP 8 and HAWKEYE 1 satellites near the earth will be able to 
provide such measurements. If successful, these multi-spacecraft direction-finding 
measurements will make it possible to study the three-dimensional structure of 
the magnetic field in the solar wind completely independent of any modeling 
assumptions. 
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Abstract. Satellite low frequency radio measurements have revealed that the Earth is a very intense 
and interesting radio source with characteristics similar to other astronomical radio sources such as 
Jupiter, Saturn and the Sun. In this paper we summarize the primary characteristics of radio emissions 
from the Earth’s magnetosphere, consider the origin of these emissions, and discuss the similarities to 
other astronomical radio sources. 


I. Introduction 

The Earth is usually not thought of as an intense radio source. However, in the past few 
years low frequency radio measurements by satellites have revealed that the Earth’s 
magnetosphere is a very intense radio emitter, with characteristics similar to other 
astronomical radio sources such as Jupiter, Saturn and the Sun. In this paper we consider 
only radio emissions which can propagate freely away from the Earth at frequencies 
above the local electron plasma frequency. We do not discuss the many other types of 
whistler-mode waves and plasma instabilities which are present at frequencies below the 
electron plasma frequency. 

The first clear evidence of intense radio emissions from the Earth’s magnetosphere was 
obtained from satellite measurements by Benediktov et al. (1965, 1968) in which radio 
emissions at 725 kHz and 2.3 MHz were detected in association with geomagnetic storms. 
Later Dunckel et al (1970) reported similar observations of intense radio emissions, also 
associated with magnetic disturbances, at frequencies below 100 kHz. Only recently, 
however, with radio and plasma wave instruments on the IMP-6 and IMP-8 satellites, have 
measurements been made over a sufficiently broad frequency range and with adequate 
sensitivity, dynamic range and directional resolution to provide a comprehensive picture 
of radio emissions from the terrestrial magnetosphere (Stone, 1973; Brown, 1973; 
Frankel, 1973;Gumett, 1974, 1975). 

As currently understood two principal types of radio emissions can be identified 
coming from the terrestrial magnetosphere. We refer to these radio emissions as auroral 
kilometric radiation and continuum radiation. The characteristic spectruins of these two 
types of radio emissions are illustrated in Fig. 1 . In addition to these two principal types 
of radiation several other types of radio emissions of lower intensity and/or infrequent 
occurrence are known to occur which have not yet been studied in much detail. The 
purpose o * this paper is to summarize the present state of knowledge concerning these 
radio emissions and discuss their origin and relationship to other astronomical radio 
sources. 
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FREQUENCY (Hz) 

Fig. 1. The spectrums of the galactic background, the auroral kilometric radiation and the non- 
thermal continuum radiation as would be observed by a satellite 30 from the Earth. 


2. Auroral Kilometric Radiation 

As shown in Figure 1 auroral kilometric radiation is characterized by a *ery intense peak 

in the frequency spectrum at about 100 to 300 kHz. The intensity of this radiation is 

highly variable. Sometimes the radiation intensity is below the galactic background and 
completely undetectable, while at other times the intensity is six to seven orders of 
magnitude above the galactic background at 30 from the Earth. At peak intensity the 
total power radiated by the Earth exceeds 10 9 W (Curnett, 1974). The Earth is therefore 
a very intense planetary radio source with a total power output comparable to the 
decametric radio emission from Jupiter. For comparison the total power of the decametric 
radiation from Jupiter has been estimated by Warwick (1963) to be about 2 x 10 2 * * * * 7 W. 

More recent measurements indicate, however, that the power radiated by Jupiter nay be 
somewhat larger than given b> Warwick. 

Auroral kilometric radiation has been previously called ‘high-pass* noise by Dunckel 
et al. (1970) and ‘midfrcquency* noise by Brown (1973). Because of the close association 
of this radiation with the occurrence of auroral arcs (Gumett, 1974) and the kilometer 
wavelength of the radiation we chose to refer to the radiation as auroral kilometnc 
radiation. The close association of this radiation with the occurrence of auroral arcs is 
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Fig. 2. The intensity of auroral kilometric radiation at 178 kHz nd a sequence of photographs of 
the aurora over the northern polar region taken by the DAFP sau,.ite. The intense bursts of auroral 
kilometric radiation are seen to be closely correlated with the occurrence of auroral arcs. 


illustrated in Figure 2. The top panel of this illustration shows the radio noise intensity at 
1 78 kHz for a 24 h period while the spacecraft (IMP-6) is about 30 R? from the Earth. 
The bottom panels ^now a < *s of auroral photographs obtained during the same 24 h 
period by the low altitude polar-orbiting DAPP spacecraft as it passes over the northern 
polar region Three intense bursts of auroral kilometric radiation occurred during this 
day, centred on approximately 1 120, 1450, and 2100UT. Each intense burst of auroral 
kilometric radiation is seen to be closely associated with the occurrence of bright discrete 
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Fig. 3. The angular distribution of auroral kflometric radiation in magnetic coordinates. 


amoral arcs in the DAPP photographs (one photograph for each orbit). Direction-finding 
measurements by Kurth and Gumett (1975) show that the apparent center of the source 
of the auroral kilometric radiation is in the nighttime auroral region at a distance of about 
0.75 Hi from the polar axis of the Earth. The association of this radiation with auroral 
arcs and the location of the source in the high latitude auroral regions strongly suggest 
that this radiation is produced by the same low energy electrons which produce the 
^uroral Lght emissions. The association of the radio emissions with discrete auroral arcs 
rather than the diffuse aurora specifically implies that the noise is associated with intense 
Inverted V’ electron precipitation bands of the type discussed by Frank and Ackerson 
(1971) and Ackerson and Frank (1972). 

Further information on the generation and propagation of the auroral kilometric 
radiation can be providec by measurements of the angular distribution of the radiation 
escaping from 'he Earth. Figure 3 shows the angular distribution of auroral kilometric 
radiation at a frequency of 178 kHz as obtained from the IMP-6 and Hawkeye-1 satellites. 
IMP-6 provides measurements at magnetic latitudes below 55° and Hawkeye-1 provides 
measurements over the northern polar region. The contours in Figure 3 give the 
frequency of occurrence of events with a power flux exceeding a preset threshold which 
varies as R~ 2 to correct for the expected radial variation in the power flux. These 
measurement* show that most of the radiation is observed poleward of a cone-shaped 
boundary which extends from latitudes near the magnetic equator in the local evening to 
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Fig. 4. A qualitative sketch of the ray paths and source region of auroral kilometric radiation. Note 
the distinct equatorial shadow zone caused by the phsmasphere. 

latitudes of approximately 50° on the dayside of the Earth. Further studies (Green 
et al . . 1976) show that this cone-shaped boundary is frequtncy-depcndent and rapidly 
shrinks poieward with decreasing frequency. This ‘beaming’ of the radiation is thought 
to be caused by the refraction of the radiation away from the ionosphere as illustrated 
in Figure 4. Since the index of refraction goes to zero at the propagation cutoff surface, 
which for these frequencies must occur at an altitude of about 1 to 1.5 R E at 178 kHz, 
the ray path tends to be refracted upward away from the ionosphere. The frequency 
dependence of ihe cone-shaped boundary is qualitatively consistent with an essentially 
fixed source altitude at all frequencies, with the cone angle determined by the (frequency 
dependent) altitude of the propagation cutoff surface. A cone-shaped boundary, similar 
to that found for the auroral kilometric radiation, is observed for the lo related radio 
bursts from Jupiter and a similar beaming effect is a well known feature of radio emissions 
from pulsa*i. 

Probably the most difficult feature of the auroral kiiometric radiation which must be 
explained by any satisfactory theory is the very high efficiency with which this radiation 
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is produced. The maximum power dissipated by the aurora during an auroral substorm is 
about 10 11 W (Akasofu. 1968). If the corresponding maximum power of the auroral 
kilometric radiation is 10 3 * * * * * 9 W, then the efficiency for generating this radiation must be 
at least 1%. From all present knowledge of magnetosphcnc radio emissions tiw generation 
of auroral kilometric radiation represents a very efficient conversion of charged-particle 
energy into radio waves. Interestingly, this efficiency is comparable to the efficiency by 
which a pulsar converts its rotational energy into radio emissions. Such high efficiencies 
cannot be obtained from an incoherent process, but must result from a coherent plasma 
instability. The location of the source, at an altitude of about 1 to 1.5 /? E along an 
auroral field line, coincides with the region where the auroral electron acceleration, 
anomalous resistivity and parallel electric fields are thought to occur (Mozcr, 1976). 
Another type of intense whistler-mode radio emission called VLF auroral hiss is also 
thought to be generated in this same region (Curnett and Frank, 1972). 

Several theories have been developed which attempt to explain the principal features 
of the auroral kilometric radiation (Benson, 1975; Palniadesso el ai % 1976); Melrose, 
1976). Most of these theories rely on the intermediate generation of electrostatic waves 
and the subsequent coupling ot these waves to electromagnetic radiation to explain the 
observed intensities. At the present time no electric field measurements have been made 
in the source region which can confirm the existence of these electrostatic waves. Also, 
the polarization, which is a basic parameter that could help uiscriminatc between the 
various theories, nas not yet been determined. 


3. Continuum Radiation 

Brown (1973), using radio measurements from the IMP-6 satellite, has identified a weak 
continuum radiation coming from the Earth\ magnetosphere in the frequency range from 
about 30 to 1 10 kHz . The intensity of this continuum decreases rapidly with increasing 

frequency, varying approximately as f~ 7 8 (/ is frequency). At about the same time 
Curnett and Shaw (1973) identified another somewhat more intense continuum at even 
lower frequencies, from about 5 to 20 kHz. This radiatiun oc:urs at frequencies below the 
solar wind plasma frequency and is permanently trapped within the low density regions 
of the magnctosphcric cavity. It now appears that these two types of radiation arc simply 
different portions of a single non-thermal continuum spectrum which extends from 

frequencies as low as 500 Hz to greater than 100 kHz (Gumett, 1975). This radiation, as 
implied by the term continuum, has a smooth monotonic frequency spectrum and a 
nearly constant intensity, seldom varying by more than 10 to 20 dB. 

To illustrate the general features of the continuum radiation spectrum, Figure 5 shov s 

five spccuums obtained from IMP-8 at various local times around the Earth and at *» 

nearly constant radial distance of from 28.2 to 40.4 R t . Four of these spcctrums were 
obtained in the solar wind and one (the center panel) was obtained in the low density 
region of the disiant magnetotail. The spectrums in the solar wind all show the same basic 
characteristics, consisting of a monotonically decreasing intensity with increasing 
frequency and a sharp cutoff near the solar wind plasma frequency at about 20 to 30 kHz. 


THE EARTH AS A RADIO SOURCE 


203 



r*CQu€NCY (mi) 


Fig. 5. Selected spectrum of continuum radiation observed by IMP-8 at various local times. The 
sharp cutoff in the solar wind spectrums occur near the solar wind plasma frequency. 


The low frequency cutoff is almost certainly caused by the propagation cutoff at the 
solar wind plasma frequency. The spectrum in the magnetotail, however, extends down to 
frequencies well below the solar wind plasma frequency. The continuity of the magneto- 
tail spectrum with* the spectrums in the solar wind indicate that the radiation observed in 
both regions comes from the same source and that the spectrum observed in the solar 
wind represents that portion of the radiation which can escape into the solar wind above 
either the magnetoiheath or solar wind plasma frequency, whichever is greater. The 
continuum radiation spectrum can therefore be divided into a trapped < :omponent and 
a freely escaping component as shown in Figure 1. At frequencies above the magneto- 
iheath plasma frequency radiation from near the Earth can propagate directly to a distant 
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Fig. 6. A qualitative sketch of the ray paths from a source near the Earth at frequencies above and 
below the plasma frequency in the magnetosheath. 


observer, whereas at frequencies below the magnetosheath plasma frequency the radiation 
is reflected into, and trapped in. the distant magnctotail as shown in Figure 6. Direction 
finding measurements (Gurnett, 1975) clearly show the transition from the free escape to 
the trapped regions and detailed ray path calculations exhibiting these effects have been 
performed by Jones and Grard (1975). Because the magnetosheath plasma frequency is 
largest near the nose of the magnetospheric cavity and decreases to approximately the 
solar wind value in the downstream region, the transition from the free escape to the 
trapped regions is not abrupt. Evidence showing the scattering of the escaping continuum 
radiation as it passes through the magnetosheath has been presented by Vesecky and 
Frankel (1975). Since only a slight, factor of 2, increase in the intensity occurs as the 
frequency varies from the free escape to the trapped region it can be concluded that the 
Q of the magnetospheric cavity is very low for this trapped radiation. Evidently a 
substantial portion of the radiation is reabsorbed in the distant downstream tail region. 

Because of the complicated reflections which take place at frequencies below the 
magnetosheath plasma frequency it is nearly impossible to make a reliable determination 
of the source region from measurements of the trapped component. At frequencies well 
above the magnetosheath plasma frequency the source position can be determined 
directly from direction finding measurements. Gurnett (1975) using direction-finding 
measurements from the IMP-8 spacecraft has shown that the apparent center of the 
continuum radiation source is located on the morning side of the Earth at a radial 
distance, projected into the ecliptic plane, of about 2 to 3R E from the center of the 
Earth. From studies of individual passes it is also evident that the radiation extends all 
the way to the propagation cutoff at the plasmapause, even near the equatorial plane, 
with no evidence of an equatorial shadow zone as observed for the auroral kilometric 
radiation (see Figure 4). It is therefore concluded that at least some of the continuum 
radiation is generated near the equatorial plane and that this radiation is not a high 
latitude auroral zone emission. On the basis of these data a qualitative model of the 
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Fig. 7. A qualitative sketch of the source region of the continuum radiation as indicated by the 
direction-finding measurements in Figure 7. 


sou ice region of the continuum radiation is shown in Figure 7. This model is for a 
frequency of 5b.2kHz. At lower frequencies the propagation cutoff surface must extend 
to progressively larger radial distances into the outer magnetosphere. 

At the present time the only comprehensive theory which attempts to explain the 
origin of the continuum radiation is by Frankel (1973), who proposed that the radiation 
is caused by gyro-synchrotron radiation from mildly relativistic, E — 100 to 500keV, 
electrons injected into the outer radiation zone during magnetic storms. In many respects 
the observed characteristics are in reasonably good agreement with Frankel's calculations. 
The frequency spectrum of the escaping continuum radiation, the radial location of the 
source, and the local time asymmetry are all in tolerable agreement with the gyro- 
synchrotron model. However, the gyro-synchiotron model also has several difficulties 
which remain to be explained. First, the power flux calculated from the gyro-synchrotron 
model is about a factor of 5 to 15 too small. Second, although the gy ro-synchrotron 
model does account for the high frequency, ^ 100 kHz, portion of the spectrum which is 
generated deep within the magnetosphere at it is difficult to see how this 

mechanism can account for the much more intense low frequency, ^ 10 kHz, portion uf 
the spectrum which must be generated far out in the magnetosphere at L > 6, where the 
energetic electron intensities arc much lower. Third, as shown by an event recently 
analyzed by Gumett and Frank (1976), ihe continuum radiation is closely correlated 
with the injection of electrons with energies of 1 kcV to lOkcV into the magnetosphere. 
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These energies aie much too small to produce significant levels of gyro-synchrotron 
radiation. Also, in a related observation by Gumett and Trank the intensity of the 
continuum radiation is observed to increase within an hour following the onset of a 
magnetic storm, much too quick to be accounted for by variations of the energetic, 
^500keV, electron intensities, which usually do not increase until several days after the 
onset of a magnetic storm (Owens and Frank, 19b8). 

3. Other Magnetospheric Radio Emissions 

Several other types of magnetospheric radio emissions are known to occur at frequencies 
above the local plasma frequency, but which have not yet been studied in as much detail 
as the auro;al k dome trie radiation and continuum radiation. The characteristics of these 
radio emissions are summarized below. 

3.1. DAYSIDE KILOMETRIC RADIATION 

Kaiser and Stone (1975) have reported a weak quasi-continuous radiation with a sharply 
defined peak in the spectrum at about 200 kl 1/ which is thought to be generated at high 
latitudes on the daysidc of the Earth. Hie distinct peak at 178 kHz in the selected 
continuum radiation spectrums of Figure 5 is probably from this source. Because of the 
similarity in the shape of the spectrum to the nightside auroral kilometric radiation it is 
thought that this day&ide radiation may be basically of the same origin as the nightsid 
auroral kilometric radiation except that it is produced by the much less energehc, 
^ lOOeV, polai cusp electrons. 

3.2. RADIATION EROM UPSTREAM OF THE BOW SHOCK 

Fiom direction finding measurements with IMP-8 it is virtually certain that some 
i * radiation is detected from the region near the bow shock (Gumctt, 1975). At least one 

component of this radiation appears io be a narrow band emission, first detected by 
Dunkel (1973). at the harmonic, 2/ p ,of the solar wind plasma frequency. Radiation is 
also sometimes observed at the fundamental, f p . 

The radiation at 2/ p is thought to be generated by non linear interactions of the 
electron plasma oscillations upstream of the bo»\ shock (Scarf tf a/., 1*71) which arc 
generated by electrons from the bow shock. Although this radiation is very weak it is of 
considerable interest because of the possible similarity to the generation of type II and 
type 111 solar radio bursts by electron plasma oscillations (Ginzburg and Zheleznyakov, 
. 1*58). 

3.3. DISCRETE BURSTS 

• 

Very narrow bandwidth radio bursts, with bandwidths of less than 100 Hz and durations 
from a few' tenth of a second to several seconds, are sometimes observed at frequencies 
above the local plasma frequency (Gumctt and Shaw, 1973). The center frequency of a 
given burst tends to decrease rapidly after the onset of the burst, similar to the so-called 
*S bursts* from Jupiter at frequencies in the 10 MHz range (Warwick, 1*67). The 
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occurrence of natrowband emissions of this type is clear evidence of a resonant plasma 
instability operative at frequencies above the local plasma frequency, possibly comparable 
to the resonant whistler mode instability which produces chorus and other discrete VLF 
emissions. 


4. Discussion 

It is evident that the Earth’s magnetosphere produces a variety of complex and very 
interesting radio emissions at frequencies above tire local plasma frequency. Since these 
waves can escape from the Earth's magnetosphere these radio emissions can be expected 
to have close similarities to radio emissions produced by other astronomical radio sources. 
Already certain close similarities are evident. Hie auroral kilometric radiation has features 
very similar to the lo-relatcd decametric radiation from Jupiter and the recently 
discovered decametric radiation from Saturn (Brown, 1975). The radiation at/ p and 2/ p 
upstream of the bow shock appears to be generated by the same mechanism as type II 
and type III solar radio bursts. Hie beaming of the auroral kilometric radiation into a 
cone-shaped region over the polar cap has some similarity to the angular distribution of 
radiation from lo and to the beaming of radio emissions from pulsars. 

At the present time the mechanisms by which most of tltcse radio emissions are 
generated are rather poorly understood and the proper explanation of these radio 
emissions represents a significant challenge to the theorists. It should however be possible 
to arrive at a reasonably dear understanding of how these radio emissions are generated 
since a gieat deal is known about the charged particle distributions and processes which 
occur in the Earth's magnetosphere. Because a compai .ble detailed knowledge of the 
charge particle distribution will probably never be known for most otlie. radio sources in 
the universe the study of these terrestrial radio emissions provides a unique opportunity 
to extend our undeistanding of radio emissions from other planets and astronomical 
objects. 
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In this stud> we identify the principal types of plasma waves which occur in the distant magnetotail. and 
^e investigate the relationship of these waves to simultaneous plasma and magnetic field measurements 
made on the same spacecraft. The observations used in this study arc from the Imp 8 spacecraft, which 
passes through the magnetotail at radial distances ranging from about 23.1 to 46 3 R f Three principal 
types of plasma waves uc detected by Imp 8 in the distant magnetotail broad band electrostatic noise, 
whistler mode magnetic noise bursts, and electrostatic electron cyclotron waves The electrostatic noise is 
a broad band emission w hich occurs in the frequency range from about 10 Hz to a few kilohertz and is the 
most intense and frequently occurring type of plasma wave detected in the distant magnetotail This noise 
is found in regions with Ipr^J gradients in the magnetic field near the outer boundaries of the plasma sheet 
and in regions with large • flow speeds. 10* km s directed cither toward or away from the earth 
The whistler mode magnetic burst* observed by Imp 8 consist of nearly monochromatic tones which last 
from a few seconds to a few tens of seconds. These noise bursts occur in the same region as the broad band 
electrostatic noise, although much less frequently and are thought to be associated with regions carrying 
substantial field-aliened currents Electrostatic electron cyclotron waves are seldom detected by Imp 8 in 
the oistant magnetotail Although these waves occur very infrequently, they may be of considerable 
importance, since they have been observed m regions near the neutral sheet when the plasma is extremely 
hot 


I. Introduction 

It is widely recognized that processes occurring in the dis- 
tant magnetotail arc of fundamental importance to the under- 
standing of the interaction of the earth's magnetosphere with 
the solar wind The intense plasma heating which takes place 
in the plasma sheet region of the magnetotail is usually attrib- 
uted to the merging of oppositely directed magnetic fields at 
one or more x type neutral lines, with the subsequent con- 
version of magnetic field energy into kinetic energy [Dungey, 
1961; Axford et al.. 1965; Speiser, 19o5]. Although the overall 
configuration of :hc magnetic tr Ids and plasmas in the magne- 
totai! is reasonably well understood, the detailed microscopic 
processes which occur in this region and their relationship to 
auroras and substorms are not Classical magneto- 
hydrodynamics requires a finite conductivity in the merging 
region. Since the plasma is essentially collisionless. an impor- 
tant question arises as to how this finite conductivity can 
occur. Piddingfon [1967], Dungey (1972). Syrovatskii (1972). 
and others have suggested that plasma wave turbulence pro- 
duces an anomalous resistivity in the merging region and 
thereby provides the mechanism for dissipating the magnetic 
field energy. Similar plasma wave turbulence processes are 
thought to occur in regions of field-aligned currents associated 
with auroral precipitation [Kmdel and Kennel. 1971] The sud- 
den onset of enhanced plasma wave turbulence, either in the 
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merging region or along the aurora! field lines, has been sug- 
gested as the triggering mechanism for magnclospheric sub- 
storms [Piddington. 1967] On the other hand, turbulence free 
processes have also been suggested to explain the merging 
process and the triggering of auroral substorms [Schindler, 
1974] Because of the possible role of plasma waves in these 
processes it is of considerable general interest to investigate the 
plasma wave phenomena which occur in the distant magneto 
tail. 

At the present time, few plasma wave observations have 
been reported in the plasma sheet and neutral sheet regions of 
the distant magnetotaii. Using data from the Ogo I. 3. and 5 
satellites, which provide measurements only in the near-earth 
regions of the plasma sheet (at radial distances R < 17 R r ). 
Brody et al. [1968] have reported observations of brief bursts 
of whistler mode magnetic noise near the neutral sheet Early 
electric field measurements on Ogo 5 by F. L Scarf revealed 
no VLF electric field oscillations in the tail with the exception 
of substorm-associated waves in the near-earth plasma sheet at 
radial distances of less than 12 R t [Russell. 1972) More re- 
cently. Scarf et al (1974). using measurements from the Imp 7 
spacecraft at a radial distance of about 30 R>. have reported 
observations of moderately intense electric field oscillations in 
the region immediately outside the plasma sheet and very 
intense (160 m>) low-frequency magnetic noise in the high- 
density region of the plasma sheet 

The purpose of this paper is to present the results of an 
extensive studv of plasma waves in the distant magnetotail 
using measurements from the Imp 8 spacecraft These plasma 
wave measurements arc compared with plasma and magnetic 


6059 


******** 


6060 Girmit it At.: I*i asm a Was is is i mi Distant N1m.n» uumi 



Fig I Solar magnctosphcnc coordinates F„* and Z% M for the 
magnetotail pass on da>s 107, 108. and 109, 1974 During this pass. 
JIY* vanes from about -23.4 to -35 6 R f 

field measurements presented in a companion paper b> Frank 
el al. [1976) to stud) the relationship of the plasma waves to 
the various plasma regimes found in the distant magnetotail. 

2. Spacecraft Orbit and Isstri mint ation 

All of the measurements employed in this study were ob- 
tained with instrumentation on the Imp 8 (Explorer 50) space- 
craft. This spacecraft is in a low -eccentricity orbit with initial 
perigee and apogee geocentric radial distances of 2.Y I and 46.3 
R t . respectively, and an orbit inclination of 41 5° with respect 
to the ecliptic plane. Because of the large orbit inclination. Imp 
8 provides essentially complete coverage in I >car of a cross 
section of the magnetotail at distances of about 25-35 Rg 
from the earth. Approximately 20 passes occur through the 
magnetotail each year However, of these, only about 6 or 7 
passes provide crossings of the neutral sheet I or this study we 
have examined all of the plasma wave data, and selected 
portions of the plasma and magnetic field data, for a 15-month 
period from December 22, 1973. to March 22, 1974 These 
data include a total of 26 passes through the magnetotail of 
which 8 have clearly defined neutral sheet crossings 

Measurements are shown from three instruments on Imp 8. 
the Univcrsit) of Iowa plasma wave experiment, the Univer- 
sity of Iowa low-energy proton and electron differential energy 
analyzer (lepedea). and the Goddard Space Might Center 
(GSFC) magnetometer. The plasma wave experiment on Imp 
8 provides electric field measurements from 40 Hz to 2.0 MHz 
and magnetic field measurements from 40 Hz to I 78 kHz. 
Mcctric field measurements are obtained by using a ‘long’ 
(121.5 m from tip to tip) electric dipole antenna wh:ch is 
extended outward perpendicular to the spacecraft spin axis 
The spm axis is oriented perpendicular to the ecliptic plane 
Magnetic field measurements arc obtained by using a triaxial 
search coil magnetometer. Further details of the Imp 8 plasma 
wave experiment are given by Gurnet l [1974) 

The I epedea on Imp 8 provides measurements of the diller- 
ential energy spectrunis and angular distributions of protons 
and electrons over the energy range 50 cV to 45 keV Electron 
and proton energy spcctrums are obtained in 16 energv pass- 
bands and m 16 directions (sun-sectored) for each passbund 


The Lepedea also includes a Geiger- Mueller lube which is 
sensitive to electrons with energies E 5 45 keV and protons 
with energies E £ 650 keV. The fields of view of both the 
Lepedea and the Geiger- Mueller tube arc oriented per- 
pendicular to the spacecraft spm axis further details ol the 
I epedea instrumentation arc given by Frank el al [1976) 

The magnetometer on Imp 8 is a triaxial flux gate magne- 
tometer with a range of about ±36 > and a resolution of 0.3 •) 
Further details of this instrument arc given by Scearce ci al 
[1976). 

3. A Typical Imp 8 Pass Through the 
Neutral Sheet 

To illustrate the general features of the Imp 8 plasma wave 
measurements, we first discuss a representative pass through 
the neutral sheet 1 he solar magnctosphcnc coordinates )\ w 
and Zvw. for this pass, which occurred on days 107. 108. and 
109, 1974, arc shown in figure I. Both the plasma and the 
magnetic field data, which are discussed later, show that the 
spacecraft enters the plasma sheet at about 0330 UT on day 
107 and leaves the plasma sheet al about 1050 UT on day 109. 
This pass was selected for discussion because the magnetic 
field data show a very clear transition from the southern to the 
northern lobes of the magnetotail with an extended period (on 
day 108) in the vicinity of the neutral sheet 

The magnetic field and plasma wave measurements obtained 
Juring this pass are shown in Figures 2. 3. and 4 The corre- 
sponding plasma data for this pass arc shown in Plates I. 2, 
and 3 The top panels of Figures 2. 3. and 4 show the magnetic 
field measurements from the GSFC magnetometer, and the 
middle and bottom panels show the plasma wave magnetic 
and electric field intensities. The angles $ S u* and of the 
magnetic field direction arc given in solar magnctosphcnc 
coordinates, and the magnetic field magnitude is in gammas. 
The plasma wave magnetic field intensities arc shown in seven 
frequency channels from 40 Hz to 1.78 kHz. and the electric 
field intensities arc shown in 15 frequency channels from 40 Hz 
to 178 kHz. The ordinate for each channel is proportional to 
the logarithm of the field strength, with a range of 100 dB from 
the base line of one channel to the base line of the next higher 
channel. The vertical bars plotted for each channel give the 
average field strengths, averaged over intervals of 163.8 s. and 
the dots give the peak field strengths. 

The magnetic field data show that after the spacecraft enters 
the plasma sheet at about 0330 UT on day 107 (Figure 2) it is 
located in the southern lobe of the magnetotail. with the 
magnetic field directed away from the sun ( * 180°) The 

spacecraft remains in the southern lobe of the magnetotail 
with a relatively steady magnetic field ol about 15-20 *) until 
about 0200 LIT on day 108 (Figure 3) Starting at this time and 
continuing for the next 24 hours until about 0230 UT on day 
1 09 (Figure 4). the magnetic field magnitude undergoes a senes 
of depressions and directional changes w hich indicate multiple 
encounters and crossings of the neutral sheet. Alter about 0230 
UT on day 109 and until the spacecraft leaves the plasma sheet 
at about 1050 L ! T the magnetic field is directed toward the sun 
U'sw* * 0°)wnh a relatively steady magnitude of about 20 >, 
indicating that the spacecraft is in the northern lobe of the 
magnetotail 

Several types of plasma waves are evident in the magnetotail 
during this pass In the electric field channels above about 50 
kHz. many sporadic bursts of auroral kilometnc radiation are 
evident throughout the pass (see I igure 2) Since this tv pc of 
radiation is generated close to earth [(/tizfierr. 1 9^4 ) and does 
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noi interact xxiih the plasma in the distant magnetotail, it will 
not he considered further in this paper. This radiation docs, 
however, proxidc a useful index of auroral and magneto- 
spheric substorni activity. 

At loxxcr frequencies, from about 5 to 50 kll/, a nearly 
steads lex cl of continuum radiation is present for the entire 
duration of the pass through the magnetotail As has been 
shoxxn by Gurnet! and Shu h |I973|. this radiation is per- 
manent!) trapped in the low-density regions of the magneto- 
spheric cavity at frequencies beloxx the solar xxind plasma 
frequency. I he abrupt cutofT of the trapped continuum radi- 
ation at the magnetopause crossings on days 107 and 109 is 
clearly ex idem in the 100* and 16.5-MI/ channels. In the inner 
regions of the magnetosphere the low- frequency cutofT of the 
trapped continuum radiation is at the local electron plasma 
frequency, f p . and can be used to make very accurate determi- 
nations of the local electron density [Gurnet! and Frank. 1^74) 
It xxas initially thought that this cutofT could be used to deter- 
mine the electron density in the very loxx density high-latitude 
regions of the magnetotail, xxhere it is very difficult to measure 
the plasma density xxith other techniques Hoxxever. as xxas 
shoxxn by this pass and by detailed analysis of many other 
passes, the loxx -frequency cutofT of the continuum radiation is 
essentially constant, independent of the spatial position xxithm 
the magnetotail. The cutofT must therefore be determined by 
the plasma frequency in the source (or somexxherc else in the 
magnetosphere) and not by the local plasma frequency. Since 
this radiation is also thought to be generated relatively close to 
the earth [Gurnett. I97S). this noise xx ill not be discussed 
further in this paper 

In the region ncai the neutral sheet on c'jy 108 (f igure 3). 
many intense bursts of loxx -frequency (40 Hz to 1.78 kll/) 
electric field noise are obserxed This type of noise is detected 
on all passes' xx hich come close to the neutral sheet region and 
is the most intense type of plasma xxaxe detected by Imp 8 in 
the distant magnetotail Because the spectrum of this noise 
extends oxer a xery broad frequency range and because no 
comparable noise is delected by the magnetic field sensor, vxe 
refer to this noise as broad band electrostatic noise The de- 
tailed characteristics of this noise are discussed in section 4 

Another type of plasma xxave is also evident in the low- 
frequency (40-562 Hz) magnetic field channels in Figure 3. 
This noise occurs much less frequently than the broad band 
electrostatic noise and is most clearly ex idem in the peak 
measurements, indicating that the noise consists of many short 
bursts Since this noise is delected by a magnetic antenna and 
occurs at frequencies beloxx the electron gyrofrequency. xxhtch 
is typically a fexx hundred hertz in these regions, the noise must 
consist of xxhistler mode xxjvcs We refer to this noise as 
xxhistler mode magnetic noise bursts The detailed character- 
istics of these magnetic noise bursts arc discussed in section 5. 

The one remaining type of plasma xxave obserxed by Imp 8 
in the distant magnetotail consists of electrostatic xxaves near 
harmonics of the electron gyrofrequency. Waxes of this type 
arc frequently obserxed in inner regions of the magnetosphere 
[Kennel et al . I970J and are called electron cyclotron xxaves 
Electron cyclotron xxaxcs of this type are seldom observed in 
'he distant magnetotail and did not occur during the pass 
illustrated in I igurcs 2. 3. and 4 The detailed characteristics of 
this noise are discussed in section 6 

4 Broad Bxm> Ft i cirostatk Noisi 

The pass illustration in figures 2. 3. and 4 provides an 
excellent example of the typical characteristics of the broad 


band electrostatic noise detected by Imp 8. The noise usually 
occurs oxer a broad range of frequencies extending from about 
10 11/ to I kll/ and xxith intensities ranging from about 50*iV 
m 1 to 5 mV m *. A typical spectrum of this noise, selected 
during an interval of relatively high intensity, from 1056 to 
1059 UT on day 108, is shown in Figure 5 These electric field 
spectral densities are computed from the average field strength 
measurements and assume that the effective length of the 
electric antenna is one half of the tip-to-tip length The rms 
eiectnc field amplitude, integrated from 40 Hz to 10 kHz. is 
about 1.23 mV m 1 in this case. The peak electric field 
strengths for this same interval are about a factor of 3-5 times 
larger than the average field strengths. Usually , the intensity of 
the broad band electrostatic noise is less than that shown in 
Figure 5. However, on every pass close to the neutral sheet, 
sexeral inters als of half an hour or more arc usually encoun- 
tered with intensities comparable to those in Figure 5. 

To illustrate the fine structure of the broad band elec- 
trostatic noise, a high -resolution frequency -lime spectrogram 
of this noise is shown in Figure 6. Two different frequency 
scales arc shown to provide good resolution over the entire 
frequency range. The spectrum of the broad band electrostatic 
noise is seen to consist of many discrete bursts lasting from a 
few seconds to several minutes. These bursts often haxc a 
characteristic V shaped frequency-time variation, first decreas- 
ing and then increasing in frequency with increasing time. The 
spectrum also shows a marked decrease in intensity at frequen- 
cies aboxc about 400 Hz. This upper cutofT frequency agrees 
well with the local electron gyrofrequency J t . which varies 
from about 400 to 500 Hz during the interval shown in f igure 
6 Some weak bursts do. howexer. extend up to frequencies of 
several kilohertz, well aboxc the electron gyrofrequency This 
same quasi-cutoff effect near the electron gyrofrequency »s 
evident in the spectrum of Figure 5. where the electron gyro- 
frequency was about 300 Hz. The wide band spectrograms in 
Figure 6 also show a well-defined lower cutoff frequency at 
about 10 Hz 1 his low-frequency cutoff is behexed to corre- 
spond io the local lower hybrid resonance frequency fi H n If 
f r » f t , which is usually the case in the regions where this 
noise is obserxed. the lower hybrid resonance frequency is 
gixen by f LHH * (/, f t * )* * [Siix, I962|. For the spectrum in 
Figure 6. f t * )‘ * varies from about 10.5 to 116 Hz (assum- 
ing that the ions are protons) 

To help establish the mode of propagation of the broad 
band electrostatic noise, it is useful to determine the orienta- 
tion of the electric field relalixc to the static magnetic field The 
direction of the electric field in the plane of rotation of the 
electric antenna can be obtained from t K e spin modulation ol 
the noise intensity To proxidc a meaningful interpretation in 
terms of the local magnetic field direction, measurements of 
this type must be made when the magnetic field lies dose to the 
plane of rotation of the antenna Fortunately, for the case 
shown in \ igure 6 the magnetic field is in a satisfactory direc- 
tion (*>** * 165° and -x 5 # ) for this type of analysis 
Because the intensity ol the noise fluctuates considerably, the 
intensity must be sector axeraged oxer many rotations to de- 
termine the modulation pattern 1 he spin modulation ob- 
serxed lor the ex cut in I igure 6. axeraged from 1037 to 1 106 
UT. is illustrated in Figure 7 These data shoxx that a xery 
distinct null incurs when the electric antenna axis is parallel to 
the local magnetic held 1 he depth and angular position ol the 
null indicate that the electric field must be oriented wnhm 
about i 20° from perpendicular to the magnetic field 

To clearly establish the region of the magnetotail in "huh 
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Fif. 3. A t>pical spectrum of the broad band electrostatic noise 
during a period of relatively high intensity, from 1056 to 1059 UT on 
day 108. The electron gyrofrequenev during this period is about 300 
Hz. 

the broad band electrostatic noise is most frequently observed, 
we have analyzed all of the available Imp 8 magnctotail passes 
to determine the frequency of occurrence of this noise as a 
function of Y S n and Z«*. To compute the frequency of occur- 
rence. events arc counted only when the electric field spectral 
density simultaneously exceeds the thresholds indicated by the 
dashed lines in Figure 5. The results of this analysis are shown 
in Figure 8. It is ev idem that the broad band electrostatic noise 
is observed over a very broad region of the magnetotail. The 


largest frequency of occurrence is clearly in the region near the 
neutral sheet; however, the noise is often detected at distances 
of as much as 10-15 from the neutral sheet. Comparisons 
of individual events with switches in !he magnetic field direc- 
tion between ***• * 0* and * 180* dearly show that 
although the broad band clcctrc static noise occurs in the gen- 
eral region near the neutral sheet. it is not uniquely associated 
with crossings of the neutral sheet 

To identify the plasma region associated with the broad 
band electrostatic noise, the Lcpcdcji data have been in- 
vestigated on several selected passes through the neutral sheet 
To illustrate the relationships typicalh observed, the Lepcdea 
data for the pass discussed earlier, on days 107. 108, and 109 of 
1974. are shown in Plates I. 2, and 3. The details of these 
spectrogram displays of the Lepcdea data arc given in the 
companion paper by Frank et al [1976] In summary, the top 
four panels of each plate give (from lop to bottom ) the energy 
spectrums of protons in four viewing directions, toward the 
sun, toward local evening, away from the sun. and toward 
local morning, and the bottom panel gives the energy spectrum 
of electrons averaged over all sectors. The panels labeled 'sec- 
tor* give the angular distributions of protons and electrons 
averaged over all energies. 

In comparing the plasma measurements with the broad 
band electrostatic noise intensities, several relationships arc 
apparent. First, the noise is usually observed near the houno- 
aries of the plasma sheet. For example, many crossings of the 
plasma *’.icct boundary arc evident from about 1900 UT on 
day 107 o about 1600 UT on day 108, and the broad band 
elect rostalic noise intensity is correspondingly very large dur- 
ing this period The noise intensity variations often show a 
very clear relationship to brief encounters with the plasma 
sheet, as from 1900 to 2000 UT and from 2215 to 2345 UT on 
day 107. Normally, the noise is completely absent in the very 
low density (^0.01 protons cm *) regions characteristic of the 
high-latitude magnctotail ant in the high-density regions deep 


ELECTRIC FIELD SPECTRUM 



DAY 95, APRIL 5, 1974 A * 177°, , * -0.6°, R » 36.7 P u 

bM bM t: 

fig 6 frequency -lime spectrogram of the broad band electrostatic noise Note (he low-frequency cutolT at a bom 10 11/ 
and the marked decrease in the intensity above jboul 400 H/ The electron gyrolrequcncy during thu period varies from 
about 400 to 500 H/ 
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fig 7 Normalized electric field amplitude at a function of an- 
tenna orientation angle for the broad band electrostatic noise shown in 
f igure 6 The null in the electric fiild amplitude occurs when the 
antenn'i axis is approximate!) parallel to the local magnetic field 

within the plasma sheet. For example, when an extended pe- 
riod of several hours occurs where little or no plasma can he 
detected, as from about 1 100 to 1900 UT on day 107. the noise 
intensities are very low. Similarly, when the spacecraft is 
within the high-density region of the plasma sheet for an 
extended period, as from about 1630 to 1900 on day 108, the 
intensities are very low . 

Further evidence of the association of the broad band elec- 
trostatic noise with the boundaries of the plasma sheet is 
provided b> the magnetic field data. Usually, the largest broad 
band noise intensities are observed in regions where large 
gradients occur in the magnetic field magnitude, particularly 
as the magnetic field changes from the relatively stead) field 
characteristic of the high-latitude magnetotail to the depressed 
und more variable field in the plasma sheet. Because of the 
obvious difficulty in separating temporal variations from spa- 
tial variations it is not certain just how far these waves may 
extend inside or outside the plasma sheet boundaries. Mea- 
surements b) two spacecraft are needed to eliminate some of 
these uncertainties. 

Second, in most cases the broad band electrostatic noise 
occurs in regions which have highly anisotropic fluxes of pro- 
tons streaming either toward or awa> from the sun. of the type 
t discussed by Frank et at (1976). A good example of this 
association occurs from about 1900 to 2000 UT on day 107 in 
Figure 2. During this interval, which corresponds to a period 
• of enhanced broad band noise intensity, both the proton en- 

ergy spectrogram viewing away from the sun and the proton 
sector spectrogram (see Plate I ) show an intense flux of pro- 
tons with energies of several kcV streaming toward the sun. 
Another example of this relationship occurs during the period 
of intense broad band noise from about 1900 to 2000 UT on 
day 108 in Figure 3 As shown bv Frank n al (1976. Figure I] 
this interval is characterized bv substantial plasma Hows di 
reeled aw av from the sun with velocities as large as 600 km s 1 
In comparison, the preceding interval from about 1 630 to 1900 
UT has verv low electric field intensities and corresponding!) 
small flow velocities, less than 300 km s ' The most intense 


broad band electrostatic noise encountered dur,. g this pass, 
from about 1043 to 1 140 UT on day 108. occurs in a region of 
very large flow velocities, greater than I0 1 km s \ which frank 
el al. [1976) identify as the ‘fireball/ the region of priniar) 
charged particle acceleration in the magnctotail The max- 
imum electric field intensities in this region, at about 1036 UT. 
occur essentially coincident with the change in the #, com- 
ponent of the magnetic field (solar magnctospheric coordi- 
nates) from northward to southward and a corresponding 
switch in the plasma flow velocity from earthward to lailward 
[sec Frank el al . 1976. Figure 4). A detailed analysis by Frank 
el al [1976] of the charged particle angular distributions pro- 
vides substantial evidence that this region of intense electric 
held turbulence and large rapidly fluctuating plasma flow 
velocities represents an encounter with the merging region in 
the distant magnetotail. 

Because of temporal variations associated with auroral sub- 
storms it is very difficult to separate temporal variations, such 
as could occur from the sudden onset of a plasma instability, 
from variations produced by movements of the plasma sheet 
boundaries. Simple inspection of the intensity variations of the 
broad hand electrostatic noise strongly suggests that the in- 
tensity variations of this noise are often closely associated with 
temporal variations in auroral activity taking place near the 
earth. Abrupt increases or changes in the broad band elec- 
trostatic r.w* ir tensity arc often associated with abrupt in- 
creases in the intensity of the auroral kilomclric radiation 
generated in the auroral regions near the earth An example of 
this type of association is shown in Figure 9 for another Imp 8 
pass through the plasma sheet near local midnight Several 
distinct periods of enhanced auroral kilomctric radiation arc 
evident in the 36.2-, I00-, and 178-kHz channels curing this 
period, the most prominent starting al about 1203. 1830, and 
2200 UT. The onset of each of these periods of intense auroral 
kilomctric radiation occurs coincident w ith an abrupt increase 
in the intensity of the broad band electrostatic noise. Although 
this relationship does not always occur on a one-to-one basis. 
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Fig 9 F sample of ihc association between abrupt increases in the 
intensitv of auroral kilometnc radiation generated near the earth (at 
about 1205. IVJO. and 2200 L'T in the 56 2-. 100*. and |7g-kH/ 
channels) and increases in the intensity ol the broad band electrostatic 
noise in (he distant magnetotail Comparisons of these data with the 
corresponding plasma measurements of trank ei al [1976. Figure 6| 
provide further examples of the association of the broad band elec* 
trostatic noise with the boundaries of the plasma sheet and with re- 
gions of large plasma flow velocities 


it occurs sufficient!) often to suggest that the broad band 
electrostatic noise observed in the distant magnctotail b> Imp 
8 ts closet) associated with auroral activity taking place close 
to the earth 

In comparing the frequency -time ••'ectra of the broad band 
electrostatic noise (Figure 6) with other types of plasma waves 
observed in the earth s magnetosphere one is immediately 
impressed with the close similarity to a type of broad band 
whistler mode noise called auroral hiss Until now. auroral 
hiss has only been observed at low altitudes, up to a few 
thousand kilometers, over the auroral /one {Gurnett. 1966. 
Laa\p*rr < *f at . |97|. Gurnrii and / rank 1972) Although the 
frequency rangt of the auroral hiss observed by low -altitude 
satellites, about 1-1(0 kHz, is much different from the fre- 
quency range of the broad band electrostatic noise observed in 
»hc distant magnctotail b> Imp 8. 10 H / to a few kilohertz. 


both types of noise have many characteristics in common 
First, although the frequency ranges are quite different, both 
the auroral hiss and the broad band electrostatic noise occur in 
the same frequency range. f IHK < f < f t . relative to the local 
characteristic frequencies of the plasma The fact that some 
weak bursts of broad band electrostatic noise extend above the 
electron gyrofrequcncy can be attributed to Doppler shifts 
caused by the large streaming velocities (up to HP km s ') 
observed in the region where the noise is detected Second, 
both types of noise arc nearly electrostatic, with the electric 
held oriented approximately perpendicular to the magnetic 
field As discussed by Taylor and Sha^han (1974). auroral hiss 
is propapatmg in the whistler mode with the wave vector very 
dose to the resonance cone This wave normal direction results 
in a quasi-elect rostatic type of propagation with a very small 
wave magnetic field. Because of the qi.asi-clcctrostatic mode of 
propagation, with the wav* vector along the resonance cone, 
the electric field direction of auroral hiss is nearly per- 
pendicular to the iocal magnetic field over most of the fre- 
quency range, similar to the electric field direction of the broad 
band electrostatic noise. Third, the detailed spectral character- 
istics of both the auroral hiss and*the broad band electrostatic 
noise have a very similar appcapuncc when the frequency scales 
arc adjusted to account for the different frequency ranges in 
which these waves arc observed. In particular, auroral hiss 
often has distinct V shaped specttal features, called *\ shaped 
hiss* and ‘saucers’ (sec Gurnett and Trank. 1972). which bear a 
close similarity to the V shaped bursts evident in the broad 
band electrostatic noise The frequency spectrum of the broad 
band electrostatic noise detected by Imp 8 in the distant mag- 
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Fig. II. Frequency-time spectrogram of the whistler mode magnetic noise burst. These bursts consist of many narrow 
bandwidth tones with rapidly varying frequencies lasting from a few seconds to a few tens of seconds. 


neto^il also shows a remarkable similarity to the moderately 
intense electrostatic noise detected throughout the magneto- 
sheath, downstream of the earth’s bow shock [ Rodriguez and 
Gurnett . 1975]. The frequency range for the magnetosheath 
noise, a few hertz to about 1 kHz. is very similar to the 
frequency range of the broad band electrostatic noise, and the 
wide band spectrums of the magnetosheath noise have distinct 
V shaped spectral features which are remarkably similar to the 
broad band electrostatic noise (compare Figure 12 of Rodri- 
guez and Gurnet! (1975] w ith Figure 6 of this paper). 

5. Magnetic Noise Bursts 

During the pass illustrated in Figures 2, 3. and 4, several 
bursts of noise arc evident in the low-frequency (40-311 Hz) 
magnetic field channels as the spacecraft passes through the 
region near the neutral sheet on day 108. These bursts are most 
clcarlv detected in the peak measurements and are particularly 
intense at about 0600, 1058, and 2000 UT (sec Figure 3). 
Spectrums of the peak and average magnetic field spectral 
densities during one of the more intense bursts, from 1056 to 
1059 UT, are shown in Figure 10. The peak field strengths are 
seen to be much larger than the average strengths. For ex- 
ample, the peak magnetic field strength in the 40-Hz channel 
during this interval is 126 my, whereas the rms magnetic field 
strength determined from the average field strength measure- 
ments is only 4.6 my. The large ratio of peak to average field 
strength indicates that the noise consists of many intense but 
brief bursts. To illustrate the detailed fine structure of this 
noise, a w ide band frequency-time spectrogram from this same 
interval is show n in Figure 1 1 The bursts are seen to consist of 
nearly monochromatic tones, with rapidly changing frequen- 
cies. which Lsi from a few seconds to a few tens of seconds. 
The frequency range of these bursts is always below the local 
electron g>rofrcqucncy. which varies between about 300 and 
500 Hz for the event shown in Figure II. Since the only 
electromagnetic mode of propagation which occurs in this 


frequency range is the whistler mode, these bursts at a almost 
certainly propagating in the whistler mode. 

Magnetic noise bursts of the type illustrated in Figures 10 
and 1 1 occur much less frequently than the broad band elec- 
trostatic noise discussed in the previous section. A few such 
bursts are. however, observed on essentially every pass which 
comes close to the neutral sheet. To determine the region of 
the magnetotaii in which these noise bursts are most frequently 
observed, the frequency of occurrence of this noise has been 
analyzed in the same way as was done for the broad band 
electrostatic noise. To compute the frequency of occurrence, 
any burst exceeding the noise level of any one of the magnetic 
field channels by more than 2 dB is counted as an event (see 
Figure 10 for the noise levels of the magnetic field sensor). The 
results of this frequency of occurrence analysis arc show n in 
Figure 12. It is evident that the magnetic noise bursts occur in 
a region close to the neutral sheet (| Z.< J < 5 R E ). 

Comparison with the magnetic field and plasma data shows 
that although the magnetic noise bursts occur in the region 
near the neutral sheet, the bursts do not necessarily occur in 
the region where the spacecraft actually crosses the neutral 
sheet. As we have seen lor the broad band electrostatic noise, 
the magnetic noise bursts tend to occur in regions with large 
gradients in the magnetic field near the boundaries of the 
plasma sheet. The bursts arc often completely absent in re- 
gions of very small magnetic field, such as at about 1200 UT 
on day 108. and in the high-density inner region of the plasma 
sheet, as from 1600 to 1900 UT and from 2230 to 2400 UT on 
day 108. Frequently, the magnetic noise bursts arc observed in 
the same region where the broad band electrostatic noise is 
unusually intense and w here magnetic merging is thought to be 
taking place, for example, at about 1058 UT on day I0« 
Although it is possible that the weak average field intensities in 
these regions may be directly associated with the broad band 
electrostatic noise, the spectrums of these two types of noise 
are quite different (compare I igures 6 and 1 1 ). I Inis although 
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hf 12 frequency of occurrence of the whivtler mode magnetic 
noise hursts as a function of )«* and A v sm hurst exceeding the 
noise level of the magnetic antenna b> more than 2 dB »* counted in 
this anal> sis 

the magnetic noise hursts sometimes occur in the same region 
as the broad hand electrostatic noise, these hursts apparently 
constitute a completely different type of plasma instability. 
The electric held of the whistler mode magnetic noise hursts 
has not been detected, probably because the much more in- 
tense broad hand electrostatic noise is usually present in the 
same region. 

Although the magnetic noise hursts are observed in the same 
icg.on and under similar conditions as the broad hand elec- 
trostatic noise, the characteristics of these two different type* 
of noise are quite different. It seems likely that these two types 
of noise arc produced by distinctly different instability mecha- 
nisms. both of which occur for the same type of particle 
distribution function, l'hc broad band electrostatic noise 
evidently has a lower instability threshold, since this noise is 
observed much more frequently and over a broader region 
than the magnetic noise hursts Since both types of noise 
display characteristics of the whistler mode, the main differ 
cncc is probably the wave normal angle at which the instability 
occurs. The large magnetic held amplitudes of the magnetic 
noise bursts arc characteristic of whistler mode propagation at 
wave normal unglcs parallel to the magnetic held, whcrcus the 
large electric held amplitudes of the broad band electrostatic 
noise arc characteristic of propagation at wave normal angles 
near the resonant..* cone. 

In comparing these observations with previous studies it is 
almost certain that the magnetic noise bursts detected by Imp 
8 are of the same type reported b\ tfWi ft al |I9(*8|, using 
measurements from Ogo I in the near-earth region of the 
plasma sheet at radial distances of 15-20 from the earth 
The magnetic noise bursts detected bv Imp 8 also have spectral 
characteristics similar to the whistler mode noise bursts called 
'lion’s roar.* which occur throughout the nugnetosheuth 
[Smith ft al . 19(d)) Although the frequency range and dura- 
tion of the magnetic noise bursts detected in the magnetotail 
arc similar to lion’s roar, the intensity iv usually about a factor 
of ^ smaller 


ScarJ tt al |I974| have reported observations of continuous 
high intensity (1(4) nr> ) low-frequency magnetic held noise in 
the high-dcnMty regions of the distant plasma sheet I he brief 
intense magnetic held bursts discussed in this paper cannot 
correspond to this nearly continuous noise Magnetic noise 
comparable to that discussed by Scarf ct al. has not been 
detected in the distant magnetotail by the University of Iowa 
plasma wave instruments on cither Imp 6 or Imp K. 

Electrostatic Electron Cycioi run nn sms 

The one remaining type of plasma wave delected in the 
distant magnetotail by Imp 8 consists of narrow band elec- 
trostatic emissions near harmonics of the electron gyro- 
frequency This type of plasma wave did not occur during the 
pass illustrated in f igure I and has been observed only a few 
times in all of the available Imp 8 magnetotail data. A case m 
which this type of noise is observed is shown m figure 13. 
During this pass a well-defined crossing from the southern to 
the northern lobe of the magnetotail takes place from about 
0430 to 0440 UT, with switching from 180° to0 c During 
this entire period the magnetic field is directed northward, 
indicating that the spacecraft is on closed field lines within the 
plasma sheet Starting at about 0345 UT. slightly before the 
neutral sheet crossing, and continuing to about 0545 UT. well 
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I ig IT Magnetic field and plasma wave intensities foe a vim 
where electrostatic electron cvdoiron waves are observed lliiscvcui 
occurs near a neutral sheet crowing and in a region where the pla*m.» 
is evtremelv hot 
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Tig 14 Frequency time spectrogram of the electron cyclotron waves shown in Figure IJ The fundamental emission 
frequency occurs at about 1.21 times the electron gyrofrequenev 


after the neutral sheet crossing, a distinct enhancement is 
evident in the electric field channels from 31 1 Hz to 1.78 kHz. 
No comparable enhancement is evident in the corresponding 
magnetic field channels, indicating that the noise is elec- 
trostatic The broad band electric field strength al the time of 
peak intensity, at about 0530 UT, is about 330 #iV m *. 

A frequency -time spectrogram of the wide band data ob- 
tained during this event is shown in Figure 14 This spectro- 
gram shows that the electrostatic noise consists of a strong 
narrow band emission at a frequency of about 280 Hz and 
weaker emissions at the second and third harmonics Although 
the frequency spectrum of the fundamental is considered re- 
liable. it is possible that the second and third harmonics may 
be due to nonlinearities in the wide band telemetry system 
The existence of emissions above 2S0 Hz is. however, definitely 
confirmed by the enhanced electric field intensities in the 562- 
Hz, 1.0-kHz. and l.?8-kHz electric field channels (see Figure 
13). During ihe interval from 0500 to 0600 UT the electron 
gyrofrcqucncy varies from ibout 200 to 250 Hz. Detailed 
comparisons show that the fundamental frequency of the elec 
trostatic emission occurs at about 1 21 times the electron gyro- 
frcqucncy The highest frequency detected. 1.78 kHz. corre- 
sponds to the seventh harmonic of the electron gyrofrcqucncy 
Because of unfavorable orientations and variations of the 
magnetic field it has not been possible, in this case or any of 
the other cases studied, to determine the orientation of the 
electric field relative to the local magnetic field 

Although electrostatic emissions near the electron gyro- 
frequency and its harmonics occur very infrequently and are 
not as intense as the broad hand electrostatic noise, these 
emissions may he of considerable importance because they 
occur in the same region in which frank ft al [IV76] have 
reported the presence of an extremely hot plasma. For the 
event shown in Figure 13 the interval from about 0400 to 0630 
UT is characterized by a very large increase in both the elec- 
tron and the proton energies, with average energies greater 
than 10 kcV and electron lluxcs J(F > 45 keV) * 5 X 10* 
cl(cm* ssr) 1 For further details and an analysis of this event, 

sec frank ft at (1976) 

Electrostatic waves of this type, near harmonics of the elec- 
tron gvrofrcqucncy, have been previously observed in the in- 
ner regions of the earth's magnetosphere \krnnel ft al |V 7 0. 
trfJmks and Scarf. IV7.V Shu* and Ournrtt. |V75| Usually, 
these waves occur near half-integral harmonics ol the electron 
gyrofrequenev. [n * Scarf ft al (|V?4) have also inter- 

preted observations id electrostatic waves detected b\ Imp 7 m 


the distant niagnctotail as being due to electrostatic waves at 
and ||, 

7. St 1 SIM ARY AND CONCI t SION 

These observations have shown that three distinctly differ- 
ent types of plasma wave turbulence are detected by Imp 8 in 
the distant magnctotail. Ihe first and most frequently occur- 
ring type of turbulence, called broad band electrostatic noise, 
consists of a broad band of electrostatic noise in ihe frequency 
range from about !0 Hz to a few kHz 1 his electric field noise 
is quite intense, with typical broad band electric field strengths 
of about I mV m 1 and occasional maximum intensities as 
large as 5 mV m *. The frequency range of this noise is 
hounded by the local lower hybrid resonance frequency /*** 
and (except for a lew weak bursts) the electron gyrofrequenev 
; f 1 he electric field of this noise is oriented perpendicular 
(within ±20°) to the local magnetic field, and the v.avc mag- 
netic field is too small to he detected Comparisons with the 
magnetic field and plasma data show that the noise occurs in 
regions with large magnetic field gradients near the outer 
boundary of the plasma sheet and is closely associated with 
large plasma How velocities, both earthward and tailward. 
which occur in these regions In a few cases this noise has also 
been observed with particularly large intensities directly in the 
region where the magnetic mergin'* and charged particle accel- 
eration are t Xing place Intensity variations of this noise often 
appear to he closely associated with intense bursts of auroral 
kilometric radiation generated in the auroral regions near the 
earth The second and less frequently occurring tv pc of plasma 
wave turbulence detected in the distant magnctotail consists ol 
intense (100 my) hursts of low frequency (10-300 Hz) mag- 
netic noise These magnetic noise hursts, w h-.ch must be propa 
gating in the whistler mode, occur in regions with large mag- 
netic held gradients near the outer boundaries of the plasma 
sheet and in the same general region .n which the most intense 
broad band electrostatic noise is observed The third and least 
frequently occurring type of plasma wave turbulence detested 
in the magnctotail consists of electrostatic waves near harmon- 
ics of the electron gyrofrcqucncy. Flcctron cyclotron harmon- 
ic waves of this tv pc have only been detected a few times m all 
of the available Imp 8 data These waves arc relatively "s X. 
seldom exceeding intensities of about 300 w 1 Mthough 
these waves occur relatively infrequently and arc 'civ *sak. 
ibev may he of considerable importance, since ihev have Ken 
observed in regions where the plasma is being healed t«» 'erv 
high temperatures In contrast to the broad hand cle*ir**st nu 
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noise and the whistler mode magnetic noise bursts, the cy- 
clotron harmonic emissions are observed very close to the 
neutral sheet, i.c . within the high- density region of the plasma 
sheet. 

In considering the plasma wave modes which could be re- 
sponsible for these ditTerent t>pes of noise it is reasonably 
certain that the magnetic noise bursts consist of whistler mode 
waves, and the electron cyclotron harmonic emissions consist 
of (n + |)/| electrostatic waves of the type studied by Fred - 
rick' (1971), Young et al (1973). A shour- Abdulla and Kennel 
(l c 76), and others. The exact identification of the plasma wave 
mode associated with the broad band electrostatic noise is 
more uncertain. As discussed earlier, this noise has certain 
spectral characteristics similar to auroral hiss and to the elec- 
trostatic noise detected throughout the magnetosheath The 
similarity to auroral hiss suggests that this noise consists of 
short-wavelength quasi-electrostatic whistler mode waves 
propagating with wave normal directions near the resonance 
cone. Since hot plasma effects must almost certainly be in- 
volved in the generation of this noise, it seems mote likely that 
this electrostatic turbulence consists of ion sound waves or 
electrostatic ion cyclotron waves of .he type discussed b> 
Kindel and Kennel (197 1 ) and Syrocaiskii (1972), w hich couple 
with, or are closely associated with, the whistler mode. Cou- 
pling effects of this type have been considered by Sizonenko 
and Stepanov (1967) and Maggs [1976). The observed electric 
field direction of the broad band electrostatic noise, per- 
pendicular to the magnetic field, would appear to favor the 
identification of this noise with the electrostatic ion cyclotron 
(Bernstein) modes. 

Because substantial field-aligned currents are thought to 
occur near the outer boundary of the plasma sheet [Aubrv et 
al. 1972; Fairfield. 1973) where the broad band electrostatic 
noise and the whistler mode magnetic noise bursts are ob- 
served. it seems most likely that these waves arc produced by a 
current-driven plasma instability. Other instability mecha- 
nisms must also be considered, since the exact feature of the 
charged particle distribution function responsible for the in- 
stability remains unknown. The fact that the broad band elec- 
trostatic noise is usually detected in regions with large proton 
streaming velocities suggests that the instability may be driven 
by some characteristic feature of the proton stream rather than 
by a current produced by the differential motion with respect 
to the electrons. If. for example, the streaming protons interact 
with another more slowly moving ion distribution, such as 
from the ionosphere, or if multiple peaks occurred in the 
proton distribution function, then strong two-stream in- 
stabilities would be expected. Inspection of the proton velocity 
distribution function, such as appears in Figure 7 of Frank et 
al (1976). does not show any evidence of double-peaked distri- 
butions. However, these distribution functions require a rela- 
tively long time, seconds, to accumulate compared to the short 
time scales of < I s evident in the plasma wave spectrums. and 
it is possible that two-stream infer uuns of this type could 
occur within the proton stream, particularly in the highly 
turbulent region near the fireball. Fi.rthcr detailed studies are 
needed to clearly identify the instability mechanism involved 
in the generation of this noise 

When the possible role of this plasma wave turbulence is 
considered. man> questions remain to be investigated The 
issue of particular importance is whether the electric field 
turbulence is sufficient!) intense to account lor the anomalous 
rcsisiivit) often invoked to explain the existence ol merging in 
an essentially collisionless plasma We do not attempt to an- 


swer this question of theoretical interpretation. However, the 
measurements in this paper together with the associated 
plasma and magnetic field measurements of Frank et al (1976) 
provide the essential experimental parameters ; electric und 
magnetic field frequency spectrums, flow velocities, and par- 
ticle distribution functions) needed tc proceed with a theo- 
retical investigation of the role of anomalous resistivity in the 
merging region These measurements also provide evidence 
that plasma w avc turbulence in the distant magnctotail s often 
closely associated with enhanced auroral activity near the 
earth (in particular, the auroral kilometric radiation). Whether 
inis relationship can be interpreted as evidence of a plasma 
wave instability acting to trigger the merging process by in- 
creasing the anomalous resistivity, as has been suggested by 
Ptddington (1967), Syrovatskit (1972), and others, cannot be 
decided on the basis of these data The essential intcr- 
prctational difficulty is that with measurements from a single 
satellite it is not possible to distinguish spatial variations from 
temporal variations. Hopefully, measurements from dual 
spacecraft such as ISEE-A and SSEE-B will help resolve this 
question. 
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Plasma vs jsc measurement* from i Nc Haw key e I and Imp t satellites show that a broad region of 
intense plasma wave turbulence occurs on the high- latitude juroral field lines at altitudes ranging from a 
few thousand kilometers in the ionosphere to mans earth radii in the distant magnetosphere This 
turbulence occurs in an esscntialls continuous band on the auroral / shells at all local limes around the 
earth and is most intense during peruu s of auroral actisits The electric field intcnsitv of this turbulence is 
often quite large, wuh maximum field strengths of about 10 m\ m ‘ and peak intensities in the (requeues 
range 10-50 H/ Magnetic field perturbations mdicatisc of field-aligned currents and weak bursts of 
whistler mode magnetic noise arc also observed in the same region as the electric field turbulence In the 
local afternoon and evening the electric field turbulence is closely associated with \ shaped auroral hiss 
emissions In some cases the electric field turbulence appears as a low cung and intensification of the low- 
frequency portion of the auroral hiss spectrum Comparison!! w uh plasma measurements and w ith similar 
measurements from other satellites strongly suggest that this plasma wave turbulence occurs on magnetic 
field lines which connect with regions of intense inverted \ electron precipitation at low altitudes and with 
regions of intense earthward plasma flow in the distant magnctoluil The plasma instabilities which could 
produce this turbulence and the possible role which this turbulence max p|j> in the heating and 
acceleration of the auroral particles are considered 


INTRODUCTION 

Recent studies of plasma vxaxe measurements obtained front 
the Haw key e I and Imp b satellites have revealed the existence 
of a broad region of plasma wave turbulence on auroral field 
lines at altitudes ranging from a levs thousand kilometers in 
the auroral ionosphere to mans earth radii in the distant 
magnetosphere The electric field intensity of this turbulence is 
often quite large, xxith maximum field strengths of about 10 
mV m V The frequenc) range of the electric field noise typi- 
call> extends from about 10 Hz to several kilohertz, the max- 
imum in'.nsity occurring at about 10-50 H/ The electric field 
turbulence sometimes appears to be closely associated with 
whistler mode auroral hiss emissions which are frequently 
observed on the high-latitude auroral field lines Weak buisis 
of magnetic noise are also detected in the same region as the 
electric field turbulence, although these magnetic noise bursts 
do not appear to be directl) associated with the electric field 
noise In this paper we present a detailed studs of the plasma 
wave turbulence observed b> Hawkeye I and Imp b on high 
latitude auroral field lines, and we investigate the relationship 
of this turbulence to magnetic field and plasma measurements 
obtained m the same region 

The importance of stud) mg plasma wave turbulence on 
auroial field lines arises from the possible role that this turbu- 
lence may plus in producing regions of 'anomalous' resistivity 
in the field-aligned currents which flow between the auroral 
oval and the dis’ant magnetosphere For mans sears it has 
been suggested [Sagdeet and Calm. |9np| that intense electric 
fields produced by current-driven instabilities can interact with 
the current -earning particles to produce an effective resins uv 
many orders of magnitude larger than the resistivitv produced 
by Coulomb collisions A im/cl and kennel ( 1 51? | ) have consul* 
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ered the possible current-driven instabilities which could occur 
in the auroral /one and have concluded that the electrostatic 
ton cyclotron and ion acoustic modes should be unstable in the 
regions of field-aligned currents associated with the auroral 
electron precipitation If the electric field turbulence produced 
bv these instabilities grows to sufficiently large amplitudes, the 
associated anomalous resistivity can produce large potential 
differences of several kilovolts along the magnetic field in these 
regions Several investigators, including Carom ti and kennel 
1 1^72. I97JJ, Sato and Holier [1973], Holier and Sato (1973). 
Papadapoulos and Coffey (|974). Mazer [1977J. and others, 
have considered the possibility that the resulting parallel elec- 
tric field could accelerate runaway electrons to energies of 
several keV. thereby acc Hinting for the intense electron pre- 
cipitation commonly observed in the auroral regions Since 
other turbulence free acceleration mechanisms have also been 
proposed [Carlqnst. I9?2|. it is of considerable importance to 
establish whether intense electric field turbulence occurs in the 
regions of field-aligned current associated with the auroral 
electron precipitation. 

Star! et at (197.1. |97S] have previously reported observa- 
tions of electrostatic plasma wave turbulence associated with 
field-aligned currents for a few cases in which the O go 5 
spacecraft reached sufficiently high magnetic latitudes to ob 
lain measurements on auroral field lines, at /. > 7-8. in the 
region close to the earth During magnetically disturbed peri- 
ods in the local alternoon and evening the electrostatic turbu- 
lence detected by Ogo 5 usually consisted of a few abrupt 
transient bursts with frequencies extending from about I kH/ 
to about 10 kHz and with durations of a few seconds The 
individual bursts tended to correlate with gradients in the 
magnetic field caused bv field-aligned currents Si art a a! 
(1972) and / A % et al (1971) discussed similar observa- 
tions of enhanced electrostatic wave turbulence detected bv 
Ogo a ai the boundaries of the day side polar cusp 

In comparison with the Ogo 5 results, both the Hawkese I 
and the Imp spacecraft provide measurements at higher 
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magnetic latitudes than were possible with Ogo 5. In this study 
it is therefore possible to obtain a much more comprehensive 
survey of phenomena occurring on auroral field lines at all 
local times and for both quiet and magnetically disturbed 
conditions. The plasma wave instrumentation on Hawkeyc I 
and Imp 6 also provides measurements over a broader fre- 
quency range, particularly at lower frequencies, and with 
greater electric field sensitivity. As will be shown, the electric 
field turbulence detected by Hawkeyc I and Imp 6 differs 
considerably from the Ogo 5 results. The electric field turbu- 
lence occurs with a relatively steady intensity over a broad 
region for a substantial fraction of the time (20-50%), rather 
than a few intense bursts, and the most intense component 
of the noise occurs at frequencies well below the lower fre- 
quency limit of the Ogo 5 electric field experiment. 

SPACtCRAH ORBITS AND EXPERIMENT Df SCRIPT IONS 

To aid in interpreting the measurements presented in this 
paper, we briefly describe the orbits of Hawkeyc I and Imp 6 
and the regions of the magnetosphere sampled by these two 
satellites Haw key e I is in a highly eccentric polar orbit with 
initial perigee and apogee geocentric radial distances of 6.847 
km and 130,856 km, respectively. The apogee is located almost 
directly over the north pole, so Hawkeyc I provides extensive 
coverage of the high-latitude region of the magnetosphere. 
Since the region of primary interest for this study is relatively 
close to the earth ( R ^ 10 R , ). the coordinates used through- 
out this paper are the magnetic latitude the magnetic local 
time MIT. and the geocentric radial distance R A typical 
magnetic meridional plane [R, \ m ) trajectory of Hawkeyc I is 
shown in Figure I Because of the 11° till of the earth's 
magnetic dipole axis and the long-term secular changes in the 
orbit, measurements can be obtained over a broad range of 
magnetic latitudes if a sufficiently large quantity of data is used. 
For this study we have used Hawkeyc 1 data from a period of 
approximately 14 months starting at launch on June 3, 1974, 
and continuing until August 29. |975 The shaded area labeled 
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Fig I I % pie j I If Jicctonrs .mJ the boundaries of I he region sam- 

pled bv Hawkeyc I and Imp in ihc magnetic meridional plane 
(gcoccntri* radial distance and magnetic latitude coordinates) Secular 
changes in ihc orbit provide coverage over a wide range of magnetic 
latitudes 1 he measurements analv/ed include 14 months of data from 
Hawkeve I and l N sears ol data Irom Imp b 


'Region sampled by Hawkeyc I' in Figure I indicates the 
region of the magnetic meridtun plane sampled by llawkeye I 
for a representative range of magnetic local times (2300-0100) 
near local midnight. In the northern hemisphere, llawkeye I 
provides measurements on a typical auroral field line (L - 8) 
at radial distances ranging from about 4 to 6 R t . In the 
southern hemisphere, measurements are obtained at radial 
distances ranging from about l.l to 1.8 R r . Because of the 
increasing perigee altitude, data obtained during later periods 
of operation will extend the measurements on auroral field 
lines in the southern hemisphere to altitudes of about 2 6 R t% 
so that eventually, observations will be provided over a scry 
wide range of altitudes. The data set currently available lor 
this study, however, has a distinct gap in the altitude coverage 
(at L * 8) from ab nit I 8 to 4 0 R t . 

The Imp 6 spacecraft is in a highly eccentric orbit with initial 
perigee and apogee geocentric radial distances of 6,613 and 
212.630 knt, respectively. In contrast to the llawkeye I orbit 
the apogee of Imp 6 is located at a low latitude, close to the 
equatorial plane of the earth However, the inclination of the 
orbit plane is sufficiently large to provide measurements at 
relatively high magnetic latitudes, up to about .55°, in the 
region near the earth. A typical magnetic meridian plane tra- 
jectory for Imp 6 is shown in Figure I As with Hawkeyc I. the 
tilt of the ea th's magnetic dipole axis and orbital per- 
turbations greatly extend the range of magnetic latitudes at 
low altitude:: which are sampled during the lifetime of the 
spacecraft. For this study we have analyzed all of the available 
telemetry during the 3. 5-ycar lifetime of Imp 6. from March 
13. 1971. to October I, 1974 The region of the magnetic 
meridional plane sampled by Imp 6 during this period is 
shown in Figure I for a representative range of magnetic local 
times (2300-0100) near local midnight It is evident from Fig- 
ure I that the Hawkeyc I and Imp 6 spacecraft together 
provide coverage over a very broad region The detailed cov- 
erage tends to vary somewhat with local time, but in general, 
along the auroral field lines, all altitudes above about 4 R t are 
sampled by these two spacecraft In some local time ranges a 
small hole in the coverage occurs near the magnetic equator at 
radial distances of about 4-5 R, . This small hole in the cov- 
erage is not particularly relevant for the region of interest in 
this study. 

Since the details of both the Hawkeyc I and the Imp 6 
plasma wave experiment have been described in previous re- 
ports [Kurih cl at . 1975; Uurnctt and Shu w. 1 973 1. only a lew 
brief comments arc made concerning the plasma wave instru- 
mentation Both experiments use long electric antennas. 42 4* 
m from tip to tip for Hawkeyc I and 92.5 m from tip to lip for 
Imp 6. Magnetic field measurements arc obtained from a 
search coil antenna on Hawkeve I and from a single turn loop 
antenna on Imp 6. The frequency range of the Hawkeve I 
instrumentation. 1.78 Hz to 1 78 kHz, is somewhat larger than 
the frequency range of the Imp 6 instrumentation. 36 Hz to 
178 kHz Both experiments provide electric field intensities in 
16 frequency channels, extending with an approximately con- 
stant fractional frequency spacing over (he entire frequency 
range, and wide-hand wave form measurements for high- 
rcsolution frequency-time spectrograms. 

Plasma measurements were acquired with an electrostatic 
analyzer, a low-energy proton and electron differential energy 
an.ilvzcr tl epedea) |cf f rank. ! 9f>7 1. on board llawkeye ! 
Directional differential intensities of positive ions and elec- 
trons over the energy range 50 eV F s 40 keV are tele- 
metered for directions perpendicular to the spacecraft spin 
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axis. A collimated thin-windowed Geiger- Mueller (GM)tubc the three axes arc sampled simultaneous!), at approximate!) 
was employed for determining directional intensities of elec- equal intervals of 1.92 s. with 8-bit resolution 
trons with E > 45 keV. 

The Haw key c I magnetometer is a three-orthogonal-axis 
llux gate instrument constructed by the Schonstedt Instrument 
Company The sensor package is mounted at the end of a 
boom I 22 m from the closest face of the spacecraft and 1.57 m 
from its rotational axis. The magnetometer has four sensitivity 
ranges on each axis, selectable b) ground command: ±150. 

±450. 1 1.500. and ±25.000 >. Instrumental accuracy is 
±0.5^ of full range on each axis in each range The frequency 
response is Hat from 0 to I Hz and down 3 dB at 10 Hz. rolling 
ofT at higher frequencies at 6 dB octave. The analog outputs of 


Sostl Rl PRESFN • ATIVi Pi ASMS WsM OBSI RV ATIOSS 
AT Hl(ill l.ATITUHS 

To illustrate the main characteristics of the plasma wave 
observations obtained by Haw key e I and Imp b on the auroral 
L shells, we first discuss four typical passes through the high- 
latitude region of the magnetosphere These passes, which are 
shown in figures 2-5. were selected to illustrate the variety of 
plasma wave phenomena delected in this region at various 
local times. The data in Kigures 2. 3. and 4 are from Hawkcyc 
I passes in the local dawn, local morning, and local afternoon. 
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fig 2 \ representative Hawkeye I pass near local dawn \ region of intense broad-band electrostatic noise and 

magnetic noise bursts is evident from about 122 * to I 2 -J 4 l 1 Perturbations in ihc magnetic held direction indicate t he 
presence of field-aligned currents in t his region 
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Fig. 3. A representative Hawkeyc I pass at local morning A broad region of intense broad-hand electrostatic noise and 
magnetic noise bursts is evident from about 1825 to 1^40 L'T. which accompanies a distinct skewing in the magnetic held 
direction and magnetic fluctuations The distinct cutolT in the continuum radiation a* about 1825 UT indicates an abrupt 
increase in the plasma densit) at this time 


respective!) . and (he data in Figure 5 are from an Imp 6 pass 
near local midnight. The top panel of each illustration shows 
the magnetic field magnitude and direction, and the center and 
bottom panels show the plasma wave magnetic and electric 
field intensities The angle in Figures 2. 3. and 4 is the angle 
between the magnetic field and spacecraft spin axis, and the 
angle in Figure 5 is the a/imuthal direction of the mag- 
netic field in solar magnetospheric coordinates Because of a 
failure in the Hawkeyc I attitude determination system after 3 
months n flight. is the onl> magnetic field orientation angle 
that is available at present for the periods shown in Figures 2. 
3. and 4 (This shortcoming is being remedied in subsequent 
work using data from the scientific instruments themselves to 


reconstruct the spacecraft attitude.) The wave magnetic field 
intensities arc shown in 8 frequency channels, from 1.78 Hz to 
5.62 kHz for Hawkeyc I and from 36.0 Hz to 1 .78 kHz for Imp 
6. and the electric field intensities arc shown in 16 frequency 
channels, from 1.78 Hz to 1 78 kHz for Hawke>e I and from 
36.0 Hz to 178 kHz for Imp 6 The intensity scale for each 
channel is proportional to the logarithm of the field strength, 
with a range of 100 JB from the base line of one channel to the 
base line of the nest higher channel f or the Hawkeyc I 
measurements, every sample is plotted I or the Imp 6 data the 
dots give the peak field strengths, and the vertical bars give the 
average field strengths over intervals of HI 92 s 

The first representative pass (in Figure 2) is an inbound 
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Fig 4 A represent Jiivc Hj»ke\c I pass at local afternoon The broad-band electrostatic noise in this case occurs 
centered on a region of auroral hiss emission, similar to I igurc 14 No magnetic noise bursts arc detected during this pass 


Kuwkcyc I pass near local dawn at about 0600 magnetic local 
time. The spacecraft trajectory in the magnetic meridian plane 
( R . \ m coordinates) for this pass is shown b> the small sketch 
in the center pjne! of Figure 2. Several type? of plasma wave 
emissions are present during this pass. In the high-frequency 
(13.3-178 kHi) electric field channels, two t>pes of electro- 
magnetic emissions called auroral kilomctric radiation jnd 
continuum radiation [Cumrlt. 1974. 1975] arc detected 
throughout most of this pass These electromagnetic emissions 
occur at frequencies above the local plasma frequenev and are 
generated in regions of higher plasma density near the earth 
Deep within the magnetosphere, at / values less than 4. plav- 
masphenc hiss [Ruwcll ft at . I9b9| is evident in both the 
•*'! •**»• m*m#»i * r iii»lit eh innc*U .it freuucncicv front 


about 562 H? to 5.62 kHz. increasing in frequeno toward 
lower L values At lower frequencies, from about 5.62 Ml to 
I 78 kHz. a region of very intense electric field noise can be 
seen from about 1 145 to 1245 UT The intensity of this noise 
increases gradual!) with decreasing radial distance and reaches 
peak intensitv in the 17 8- and 56.2-H/ channel* at about 1240 
UT [L » 8 1). followed by a very abrupt decrease in the 
mtensit) at about 1244 UT At the time of ma* mu:n intensity 
this noise is verv intense, with a broad band mis electric field 
strength of 10 X mV m 1 and a peak intensitv of about 35 mV 
m 1 Since this noise occurs over a broad range ol frequencies 
and is most evident in the electric field data, we refer to this 
noise as broad hand electrostatic noise Thi > name is the same 
as was used for a similjr type of noise detected bv the Imp X 
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BMP S, DAY 22%. AUO 14, 1971 

F.g 5 A representative Imp 6 pass. again at local evening 1 he dot* and vertical hart give the peak and average held 
intensities. respective!* The broad band electrostatic noise iv verv intense in the lost frequer c> electric held channels, ^ I ^0 
H/. and extend* »uh detectable intentitiet to frequencies above 10 kHz 


spacecraft in the distant magnetotail [Gurnett ft ul . I Q 76| As 
will be discussed later, these two tvpcs of noise are believed to 
be csscntiallv identical, which justifies the use of the same 
termmologv. although this association itmains a matter of 
later interpretation I he term electrostatic is used because, as 
wil! U shown. the electric to magnetic field ratiois much larger 
than would be expected for an* of the usual clecifomugnelic 
modes which occur in a plasma Broad band electrostatic 
noivc of the tvpe shown m I igurc 2 is frcqucittlv delected b> 


Hawkeve I and Imp 6 on the high-latitude auroral field lines 
and is the main topic of this paper 

In the same region as the broad-band electrostatic noise, 
numerous bursts of low-frequencv (I 7ft- $62 11/ ) magnetic 
field noise are also evident in figure 2 As will be vhown. the 
spectrum of these magnetic noise bursts is distinctlv different 
from the spectrum of the broad band electrostatic noise I he 
temporal variations are also quite different The magnetic 
noise usuallv consists of mans short transient bursts, whereas 
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(he broad-hand electrostatic noise has a more ncarl> constant 
amplitude. Thus even though both types of noise occur in the 
same region and in the same general frequency range, these 
emissions apparent!) consist of two distinctly dilTerent plasma 
instabilities In this paper the loss -frequency magnetic noise of 
the type shoss n in I igure 2 ss ill he called magnetic noise hursts 

Ihc second representatise pass (Figure 3) is an outbound 
Hawkcve I pass in the local morning at about 0900 MLT. No 
auroral kilometric radiation is detectable m the high-frequency 
electric field channels during this pass. A very steak lev cl of 
continuum radiation is csident in the 1 3.3- to 23.7-kH/ chan- 
nels at radial distances beyond about 6.0 R, In the region 
beyond the plasmapause. after about 1555 UT. seseral distinct 
noise bands arc evident, sstccping downward in frequency 
from about 56.2 to 13.3 kHz These noise bands are(n ♦ |)f g 
electrostatic cyclotron harmonic emissions of the type dis- 
cussed by S/iuh ami (j urns n (1975) A? indicated by the dashed 
line in Figure 3. the local electron plasma frequency f r can be 
estimated from the frequency at sshich these emissions occur. 
Inside the plasmapause. before about 1555 UT. plasmaspheric 
hiss is evident in both the electric and the magnetic field 
channels from about 1 78 Hz to 5.62 kHz Starting at about 
1825 UT and extending to about 1940 UT. a region of intense 
broad band electrostatic noise is evident, with characteristics 
very similar to the example in Figure 2. In this same region, 
many distinct magnetic noise bursts are also clearly evident in 
the low-frequency (178-178 Hz) magnetic Held channels. 

The third representative pass (Figure 4) is an outbound 
Haw key e 1 pass in the local afternoon at about 1600 magnetic 
local time. The plasma wave activity during this pass is more 
complicated than that for the two preceding examples. In the 
high-frequency electric field channels, above about 10 kHz. 
very high intensities of auroral kilometric radiation arc present 
if oughout most of this pass At the plasmapause. which is 
located at about 0330 UT. an abrupt cutoff is evident in the 
auroral kilometric radiation This cutoff occurs when the local 
electron plasma frequency f r exceeds the wave frequency In 
this same region some rather poorly defined (« + J)/« elec- 
tron cyclotron harmonics, similar to those in Figure 3. can be 
seen sweeping downward in frequency near the electron 
plasma frequency, indicated by the dashed lines in Figure 4 
Beyond the plasmapause. continuum radiation can be seen 
extending down to frequencies of about 5 kHz Although not 
evident in Figure 4. the wide-band wave form data show a 
distinct low-frequency cutoff at a frequency which varies from 
about 5 kHz at 0430 UT to about 2 kHz at 0600 UT This 
cutoff has been used to estimate the electron plasma frequency 
in this region, as indicated in Figure 4 At slightly lower 
frequencies, in the 1 78- Hz to I 78-kHz channels, a relatively 
steady band of noise is evident, extending over a broad region 
beyond about 0345 IT On the basis of detailed examinations 
of high-resolution spectrograms of the wide-band wave form 
data, as will be discussed in a later section, this noise is 
identified as auroral hiss, a type of whistler mode envision 
which is commonly observed in the auroral zone b low- 
altitude satellites [Gurnrtt, 1966. Laaiptrr ri a! . 197 1 ; Gurnrit 
and trank. 197 2a) The magnetic field of the auroral hiss is also 
evident in the corresponding magnetic field channels At even 
lower frequencies, in the 1 7 8- and 56 2-Hz electric held chan- 
nels. a distinct enhancement can be seen in the electric field 
intensity from about 0437 to 0*05 I T This noise is identified 
av broad band electrostatic noise of the same type as that 
shown in Figures 2 and 3 No magnetic noise bursts com- 
parable to those shown in f igures 2 and 3 arc observed during 

this pass 


The fourth representative pass (Figure 5) is an outbound 
Imp 6 pass near local midnight at about 2330 magnetic local 
time (at R * 4.9 R , ). The plasma w avc phenomena incurring 
during this pass are even more complicated and difficult to 
analyze than the preceding example Although essentially the 
same plasma wave phenomena (auroral kilometric radiation, 
continuum radiation, plasmaspheric hiss, auroral hiss, and 
broad-band electrostatic noise) occur during this pass, in some 
cases it is very difficult to distinguish the different types of 
emissions However, several distinct regions with intense 
broad-band electrostatic noise can be easily identified, the first 
at about 0527 UT. followed by .cvcral broad regions from 
about 0558 to 0625 UT. and the last at about 0650 UT. The 
enhanced electric field intensities associated with these regions 
are very clear and distinct, particularly in the peak field 
strength measurements. Again the maximum electric field in- 
tensities occur at lew frequencies, from about 36 to 120 Hz. 
a’though some bursts of noise can be detected at frequencies as 
high as 10 kHz. At high frequencies. pari»c: ,,t »rly in the 5.62- 
kHz channel, the ratio of peak to average field strengths is 
quite large ('50 dH). indicating that at these frequencies the 
broad-band electrostatic noise is very impulsive, consisting of 
many brief but intense bursts. Magnetic noise bursts are also 
clearly evident in the same region in which the broad-band 
electrostatic noise occurs. 

The four passes which have just been discussed are intended 
to illustrate the types of plasma waves observed by Haw key e I 
and Imp 6 in the high-latitude region of the magnetosphere It 
is eviden' in these passes and many other similar passes which 
have been examined »hat a distinct, easily identified region of 
low -frequency elect* ic Held turbulence is present on the high- 
latnudc auroral Held lines at essentially all local times. The 
main observational characteristics of this turbulence, which 
has been called broao-band electrostatic noise, are that ( I ) it is 
very intense, with electric field strengths up to 10 mV m 1 and 
occasionally larger. (2) it is most intense in the frequency range 
of about 10-50 Hz. and (3) it occurs over a relatively wide 
region, usually several degrees in magnetic latitude, at /. values 
of typically 8-12. The detailed characteristics of this noise are 
described in the following sections. 

FRtQl tNCX SPK TRt MS 

A typical frequency spectrum of the broad-band elec- 
trostatic noise is shown in figure 6 This spectrum was selected 
from the Hawkeye I pass in F igure 2 at about the time of peak 
intensity, from 1240 to 1243 UT The two s peel rums shown in 
Figure 6 give the peak and average electric field spectral den- 
sities from each frequency channel during ir«; interval The 
rms electric field strength obtained by inttc'a* ig the average 
electric field spectral density over all frequencies is 10 8 mV m ’. 
and the corresponding peak electric field strength is about 
35 t mV m V The main contribution to the rms electric field 
strength comes from the frequency range of about 10-50 Hz. 
At high frequencies, above about 100 Hz. the electric field 
intensity decreases very rapidly with increasing frequency, and 
a moderately sharp cutoff is evident at about 10 kHz This 
upper cutoff occurs near the local electron gy rofrequency / g 
At low frequencies, below about 10 Hz. the electric field in- 
tensity decreases with decreasing frequency, and a distinct 
maximum occurs in the frequency spectrum at about 20 Hz 
As indicated in \ igure 6. this maximum is in the frequency 
range between the local proton gyrolrequency f g ' and the 
hybrid frequency (f # ’/a )' 1 The exact shape of the spectrum 
at frequencies below about 10 Hz is somewhat uncertain be- 
cause of the high levels of spacecraft-generated interference 
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Ftp 6 An electric field spectrum of the bioadhand electrostatic 
noise at about the time of maximum inicnsity for the pass shown in 
Figure l Thu event is typical of the most intense events of this t)pc 
detected b> either Hawkeye I or Imp t 


(from the solar panels) at these low frequencies Usually, the 
broad-band electrostatic noise is not detectable in the 1.78-Hz 
electric field channel, and the largest field strengths are de- 
tected in cither the 17 8- or the 56 2-Hz channel 

To compare the electric field and magnetic fieid spectrums. 
the magnetic field spectrum for the same interval is shown in 
Figure 7. Again both peak and average spectrums arc shown. 
The magnetic noise intensities are seen to be significantly 
above the instrument noise levels for all frequencies below 
about 1.0 kHz. Both the peak and the average magnetic field 
intensities show a distinct maximum in the spectrum at about 
50 Hz. This maximum is associated with the magnetic noise 
bursts indicated in Figure 2. The rms and peak magnetic field 
strengths of this noise, integrated from 5 6 Hz to I 78 kHz. are 
about 5.8 and 36.8 m>. respectively. The large difference be- 
tween the peak and average field strengths is caused by the 
large fluctuations in the field strength* which are clearly evi- 
dent in Figure 2. The ratio of the average electric field energy 
density to the average magnetic field energy density in this case 
is P/C^B* * 39. which confirms the electrostatic (or at least 
quasi-electrostatic) character of the broad-band electrostatic 
noise detected in this region. Below about 10 Hz. a weak low- 
frequency component is evident slightly above the receiver 
noise level, increasing in intensity toward lower frequencies 
This monotonic low-frequency component is probably asso- 
ciated with the magnetic field perturbations evident in the 6* 
angle at about this time (see Figure 2). Whether this low- 
frequency component represents an ambient wave spectrum, 
as is almost certainly the case for the magnetic noise bursts 
detected at higher frequencies, or simply the spacecraft motion 
through spatial gradients in the magnetic field cannot be deter- 
mined. 

Further details regarding the frequency-time structure of 
these emissions can be obtained from the wide-band wave 
form datj High-resolution frequency-time spectrogram* of 
the broad-band electrostatic noise and magnetic noise bursts 
observed during the Imp 6 pass in figure 5 are shown in 
Figure 8 Two different frequency scale*. 0-1 kHz and 0-200 
Hz. arc used to provide good frequenev resolution over the 
entire frequency range For the mode of operation being used 
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during this pass the wave form receiver alternately swiu-c 
between the electric and magnetic antennas once every 20 -i* 
The electric field spectrum* of the broad-band electros!.!' . 
noise in Figure 8 show remarkably little temporal structc*; 
The rapid decrease in the intensity with increasing frequeru 
clearly evident. A few impulsive bursts can be seen extend. . 
to frequencies above I kHz. At low frequencies a distinct Ic • 
frequency cutoff is evident at « frequency which varies Ir. - 
about 20 to 50 Hz. Although this cutoff is near the Ir 
frequency limit of the wave form receiver, the temporal 'a- . 
tions show that this cutoff is not caused by instruments : 
fects. At certain times, for example, at about 0619 25 a* 
0620:10 UT. the noise becomes very intense near this 
and develops into a strong emission at about 50 Hz C\ ~ 
parisons between successive electric and magnetic spec*.' 
grams show that the magnetic field spectrum is quite difTcrc 
from the electric field spectrum Generally, the magnetic r; 
intensities are very low, and it is very difficult to clearly tes- 
tify the magnetic noise bursts evident in the magnetic U _ 
channels of Figure 5. The magnetic noise bursts usually cor • 
prise poorly defined emissions lasting only a few secora* . 
about 5t .00 Hz. as evident, for example, at about 06 ! v 5 
and 0620:34 UT in Figure 8 Occasionally, as at about 0620 : 
UT, a diffuse burst with a rapidly varying center frequency c * 
be seen extending to frequencies above I kHz. In some cj'?« 
appears that the strong electric field enhancements nejr c 
lower cutoff frequency of the broad-band electrostatic no 
may be directly associated with the quasi-monochron. . 
magnetic noise bursts. Unfortunately, we do not have suit/' . 
simultaneous electric and magnetic field spectrograms to ce* 
mtely establish this relationship 
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Region or Occlmfm r 

The examples of broad-band electrostatic noise which ha-; 
been shown have all been at L values typical of the auror. 
field lines. We would now like to definitely establish the rec 
of occurrence of this noise, using the extensive mcasurernc* 
obtained by Hawkcyc I and Imp 6 Since an extremely 
number of measurement* are to be surveyed (14 mon:.*- 
data from Uawkeye 1 ar.u 3.5 years of data from Imn hi. , 
simple criterion must be used to provide automatic compute 
identification of the broad-band electrostatic noise As h- 
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Fig ? A magnetic field spectrum of the mjgnettc noi%e 
detected dtrr.ng ihe *amc inter* jI the spectrum in figure r* 
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R = 7.4 R e MLT = 22.18 HR 


Fig. 8. Widc-band frequency-time spcctrums of the electric (£\) and magnetic (A 1 ^) fields delected b> Imp 6 during a 
period of enhanced broad-band electrostatic inlcnsits during the pass shown in Figure 5. The spectrum of the broad-band 
elcctrosiatic noise shoves little structure at low frequencies except for a distinct low-frequency cutoff at about 20-50 Hr. The 
magnetic noise bursts are also very diffuse and difficult to identify. 


been previously discussed, the broad-band electrostatic noise 
is usually most intense in the frequency range of about 10-50 
\\t. Fortunately, except for the earth's bow shock, no other 
type of magnetospheric plasma wave emission has electric field 
intensities comparable to the broad-band electrostatic noise in 
this frequency range. The broad-band electrostatic noise can 
therefore be identified with good reliability on the basis of the 
low-frequency electric field intensities. For this study we have 
chosen to use the peak electric field intensities in the 56.2-Hz 
channel of Hawkeyc I and in the 63.0-Hz channel of Imp 6 for 
identifying these events. Several electric field thresholds have 
been tried, and a threshold electric field spectral density of 1.4 
x 10 1 V* itt* Hz~ 1 has been selected. This threshold repre- 
sents a reasonable compromise between obtaining too few 
events if the threshold is set too high and obtaining too many 
false identifications from o'hvr plasma wave phenomena if the 
threshold is set too low. 

I igures 9 and 10 show the magnetic meridian plane {R. X„) 
coordinates of all of the events in the 14 months of Haw keye I 
data and A 5 years of Imp 6 data which exceed the selected 


threshold. Figure 9 shows the events which occurred in mag- 
netic local lime quadrants centered on local noon (0900-1500 
MLT) and local midnight (2100-0300 MLT), and Figure 10 
shows the corresponding data for local dawn (0300-0900 
MLT) and local dusk (1500-2100 MLT). Each point repre- 
sents a specific interval, 184.3 s for Hawkeyc I and 327.6 s for 
Imp 6, during which the electric field intensity exceeded the 
selected threshold. The approximate outline of the combined 
region sampled by the two spacecraft is indicated by the 
dashed lines in each quadrant. Although these plots do not 
provide a precise indication of the frequency of occurrence 
because of the difference in the number of data from each 
satellite and the complexity of the orbital coverage, they do 
provide a good qualitative picture of where the broad-band 
electrostatic noise is observed. Almost without exception the 
noise is observed on magnetic field lines which connect with 
the high-latitude auroral regions. The noise is observed over a 
large range of radial distances, from about 1.5 R> to greater 
than 15 R f . Although most of the events arc observed at r adial 
distances greater than about 4 R t , this boundary is seen to be 
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Fig « Magnetic meridional plane (R. X plois lor magnetic local times (Ml T ) near local noon and local midnight of 
all the Ha* kevc I and Imp 0 electric field intensities which exceed a preset threshold The threshold intcnsiix and 
frequencies are chosen to pun ide reasonahlv reliable identification of intense b r oad-band electrostatic noise events \ levs 
of the events bevond about 10 R, in the local noon sector are caused bv electrostatic noise associated wuh the bo* shock 
and magnetosheath Most of the events occur at high magnetic latitudes at i values tvpical of the auroral held lines 


primunl) a limitation imposed by the orbit.il coverage, since 
essentially no measurements arc obtained on auroral field lines 
at radial distances between about I 8 and 4 0 R f A very dense 
concentration of points can be seen over the southern auroral 
region at radial distances from about I * to I 8 A| These data 
also show that the broad-band electrostatic noise is observed 
at all local times, although relatively few events are evident in 
the local noon quadrant. The widelv scattered events evident 
beyond about 10 R t in the local noon quadrant are caused by 
electrostatic noise associated with me how shock and magne- 
toshcath and not by broad-band electrostatic noise 
To take into account the effects of the orbital coverage, we 
have performed a detailed analy sis of the frequency of occur- 
rence of the events shown in Figures 4 and 10 For this analysis 
the R, K m and MIT coordinate system has been divided into 
boxes. and the number of events counted or.ee per orbit and 
the number of orbits passing through each bos arc determined 
The frequency of occurrence is given bv the ratio of the num- 
ber of events to the number of orbits counted in each bos The 
essential features of the frequenev of occurrence distribution 
determined from this analysis .lie summarized in Figures II 
and 12 figure II shows the frequency of occurrence as a 
function ol radial distance and magnetic latitude for magnetic 
local lime* in the local midnight quadrant, from about 21(H) to 
0 )(H) MM I he.e data v leat lv show that the broad band elec- 
trostatic noise occurs in two distinct latttudinalK wmmctric 


regions, starting at high latitudes, -70°, near the earth ano 
extending to progressively lower latitudes with increasing 
radial distance I he two regions appear to merge in the magne 
totail at a radial distance of about 10 R , The latitudinal widu* 
of the region of occurrence, approximate!) 20° at R - 4 0! 
and b 31 /i». is several times larger than the latitudinal widtl' 
typically observed on an individual pass This increase in the 
apparent latitudinal width of the region of occurrence is al 
most certainly caused by the orbit-uvorbit variations of the / 
shell on which the noise occurs The regions of occurrence 
shown in these illustrations must not he viewed as an in 
stanlancous picture of the region in w hich the noise occurs \ 
large distances from the earth. R i 10 R,. the ability of the 
magnetic field model (for \ m and MI T) to represent the real 
field is also subject to large errors The lendenev of the latilu 
dinal width of the region of occurrence to increase with in 
creasing radial distance is probahlv due in part to errors of thi* 
t>pc For the threshold used in this analysis the maximum 
frequency of occurrence is about 20 r i Because of tempora 
variations of the l. shell on which the noise is detected a me*, 
meaningful parameter is probahlv the percentage occur re; . 
of the hio.id-hand electrostatic noise during a given pass 
across ihc auroral / shells I or I he threshold used in I igure* 
II and 12 this percentage occurrence is about M)-60 in the 
region near local midnight 1 he absolute frequenev ol o^ 
rencc should not be considered ol Itiiulamental import 
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Mg 10 Magnetic meridian pljnc plots comparable to Figure for magnetic local times near local dawn a^d dusk 


since it depends somewhat on the choice of the threshold held 
strength However, the region of occurrence on auroral field 
lines extending back into the distant magnctotail is relatively 
insensitive to this threshold 

To illustrate the variations in the region of occurrence with 
magnetic local time. F igure 12 shows the frequenev of occur- 
rence as a function of magnetic latitude and magnetic local 
time at a constant radial distance. 5.0 1 R t <> R < 6.31 R r This 
range of radial distances was chosen because it is sufficicntlv 
far from the earth to provide measurements over a wide range 
of magnetic latitudes and still close enough lor the magnetic 
field model to be rcasonablv accurate For reference, the L 
value of the magnetic field passing through R * 5 62 R ( is 
shown on the right side of Figure 12 The broad-band elec- 
trostatic noise is seen to occur in an essentially continuous 
band al all local times around the earth The noise occurs at 
the lowest magnetic latitudes near local midnight and at sys- 
tematical!) higher magnetic latitudes on the dayside of the 
earth Near local midnight the maximum occurrence is at L 
values from about 8 to 12 

Rn XTIONSMIP TO At KORXI HlSS 

Ohsrrx a i mns 

Auroral hiss is j broad band whistler mode emission com- 
monlv observed in the auroral regions b\ low altitude polar- 
orbiting satellites As is indicated in I igurcs 4 and 5, auroral 
hiss has also been observed at high altitudes in the macncto- 
sphere h\ Hawk eve I and Imp 6 Mthough the broad-band 


electrostatic noise sometimes occurs in regions where no au- 
roral hiss can be identified, as in Figures 2 and 3. in some cases 
these two l>pes of noise occur in the same region of the 
magnetosphere and appear to be closelv related. This relation- 
ship is illustrated bv the two Hawkcvc I passes in Figures 13 
and 14 Both of these pjsses occur near local midnight, and the 
plasma wave phenomena observed arc qualitatively similar to 
Figures 4 and 5 In both cases the auroral hiss emissions are 
casilv identified in the widc-band spectrograms bv the charac- 
teristic broad-band noise spectrum, with little temporal struc- 
ture. extending from a few hundred hertz to several kilohertz. 
A distinct upper cutoff frequency is evident at a frequency 
slighll) below the local electron gyrofrequency (indicated by 
the dashed lines marked / f ). This cutoff occurs because the 
whistler mode cannot propagate at frequencies above the elec- 
tron gvrofrequency The spectrogram in Figure 13 also clearly 
shows the distinct gap between the auroral hiss and continuum 
emissions which is usually not apparent in the coarse fre- 
quenev resolution measurements (as in Figure 4) The auroral 
hiss spectrum from about 1 100 to 1230 U T in Figure 14. and to 
some extent in Figure 13. has a distinct V-shaped lower-fre- 
quency cutoff which bears an unmistakable sinvlantv to the V- 
shjped low -frequenev cutolf of the auroral hiss observed b> 
low -altitude satellites [see 0 urnvit. 1^66; (iurnrtt unJ trunk. 
W2u\ 

In the lop panel of I igure 13, several periods of enhanced 
electric held intensitv. characteristic of the broad-band elec- 
trostatic noise, can be see', from about 1207 to 1300 l I. 
between the two regions where the auroral hiss is observed In 
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Kig 1 1 The normalised frequency of occurrence of the broad-band electrostatic noise as a function of magnetic 
latitude and radial distance in the 2100-0300 magnetic local time sector near local midnight The electric held threshold is 
the same as in figures 9 and 10 


the widc-band spectrograms the broad-band electrostatic noise 
appears as a distinct increase in the mtensit) near the low- 
frequency limn of the spectrogram Note that the widc-band 
spectrograms (which are obtained b\ using an automatic gain 
control receiver) show onl\ the relative mlcnsit> at different 
frequencies, whereas the fixed frequency channels give the 
absolute intensity Thus even though the widc-band spectro- 
grams indicate that the auroral hiss has completely dis- 
appeared in the region where the broad-band electrostatic 
noise is observed, the fixed frequency channels (1.78 kHz. in 
particular) show that the auroral hiss intensity actually in- 
creases shghtl; in this region The nr ^ad-band electrostatic 
noise therefore can be interpreted as a lowering and in- 
tensification of the low -frequency portion of the auroral hiss 
spectrum This transition from the auroral hiss to the broad- 


band electrostatic noise is showrn even more clearly by the 
example in Figure 14 In this case the enhanced electric field 
intensities in the 56.2-H/ electric field channel place the region 
of broad-band electrostatic noise from about 1135 to 1200 I T. 
Inspection of the widc-band spectrograms shows that this 
noise is essentially indistinguishable from the auroral hiss 

Discussion 

Because of the close relationship between the auroral hiss 
and the broad-bjnd electrostatic noise the question arises 
whether there is any essential difference between these twvi 
types of noise The auroral hiss detected b\ Haw key c I and 
Imp 6 is clearly a whistler mode electromagnetic emission 
which propagates a considerable distance through the magne- 
tosphere. The simultaneous detection of both the electric and 
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Tig 12 The normalized frequenev of occurrence of the broad band electrostatic noise as a function of magnetic 
latitude and macnehc local time within the radial distance ra%c s 01 -0 31 R , The / value of the magnetic field line vshich 
micr>ect% R 'bl R, is shown on the right lor comparison with low altitude measurements 
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HAWKEYE-I, DAY 193, J'JLY 12, 1974 



Fig. 1 3. Frequency-time spectrograms showing the relationship between auroral hiss and broad-band electrostatic noise 
during an outbound Hawkeye I pass near local midnight. The broad-band electrostatic noise sometimes appears as a 
lowering and intensification of the low -frequency cutoff of the auroral hiss spectrum. The distinct cutoff of the auroral hiss 
at a frequency slightly below the local electron gyrofrequency /, and the gap between the auroral hiss (/ < /, ) and 
continuum radiation (/ > j p ) arc clearly evident. 


he magnetic field of the auroral hiss, as in Figure 4. shows that 
the emission is an electromagnetic wave, and the frequency 
range / < /, unmistakably identifies the mode of propagation 
as the whistler mode. The V-shaped low-frequency cutoff of 
the auroral hiss can be explained from simple ray path consid- 
erations if the noise is generated along an auroral field line 
below the spacecraft, as shown in Figure 15. It is a well-known 
characteristic of the whistler mode that the ray paths are 
guided somewhat along the magnetic field line and that this 
guiding effect is frequency dependent If the emission is gener- 
ated at wave normal directions near the resonance cone, as is 
thought to be the case for auroral hiss observed at low alti- 
tudes [Tavlor and Shaw han. 1 974 1. then the angle that the ray 
path makes with respect to the magnetic field increases with 
increasing frequency, varying from 0° at the lower hybrid 
resonance frequency / 1 »<« to W° at the electron gyrofrequency . 

; - This frequency dependence causes the ray paths to deviate 


increasingly from the magnetic field line as the wave frequency 
approaches the electron gyrofrequency. The effect of this fre- 
quency dependence is to allow the emission to be observed 
over a larger spatial region at higher frequencies (compare f t 
and ft in Figure 15). thus producing the V-shaped low-fre- 
quency cutoff. 

In contrast to the electromagnetic auroral hiss, which prop- 
agates large distances from the L shell on which it was gener- 
ated. the broad-band electrostatic noise is observed in a very 
localized region and has no detectable magnetic field com- 
ponent. as would be expected for a local electrostatic plasma 
instability. Despite these marked differences the w:de-band 
spectrums. as in Figure 14. sometimes show a nearly continu- 
ous transition between the auroral hiss and the broad-band 
electrostatic noise These observations strongly suggest that 
the electrostatic noise is closely related to the generation or the 
auroral hiss. Tax lor and Shaw han (1974) have shown that for 
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HAVV.EYE-I, DAY 336, DEC 2, 1974 


Fig 14 Another case, umilar to f igurc I V shoeing auroral hiss and broad-hand electrostatic noise during an inbound 
Hawkeve I pass in the earls morning In this case, no clear distinction can he made between the auroral hiss and the broad- 
band electrostatic noise 


wave normal directions very close to the resonance cone the 
whistler mode takes on characteristics of a local electrostatic 
wave, with short wavelengths, small magnetic field com- 
ponents. and low phase velocities If the broad-band elec- 
trostatic noise is closely coupled to these short- wavelength 
whistler mode waves or represents an extension of the same 
plasma wave mode, it seems entirely possible that the auroral 
hiss is generated directly from this electrostatic noise by 
changes in the wave normal direction at plasma boundaries 
and densitv irregularities Processes of this tv pc have already 
been suggested b> Maggs ( 19761 for generation of auroral hiss 

Rn AiiossiMr to Mac»m rospiit nit Pi asm as and 
Fltlt>-AlMAM> Cl MINTS 

Observations 

W c now consider the relationship of the intense electric field 
i ur K mI. , i.'i'-'-t**. i k% ii i mil Imn fi in the nlasmas 


and field-aligned currents which are present in the high-lali- 
tude auroral regions of the magnetosphere. To illustrate the 
plasma relationships which are tvpically observed. Plate I 
shows the charged particle intensities for the inbound Hawk- 
eye I pass in 1 igurc 2 during the period in which the intense 
broad-band electrostatic noise is detected The top two panels 
of Plate I show the cncrgv-timc spectrograms of electron and 
proton intensities detected bv the l epedea. and the bottom 
panel gives the counting rale (log,*) of the thin-windowed GM 
tube The l epedea on board Hawkcve I provides measure 
ments of the differential cncrgv spectrums of protons and elec- 
trons within the cncrgv range 50 cV ^ t 40 keV. and the 
CiM tube responds to electrons with energies f N 45 keV and 
protons with energies t. N 650 keV In comparing I igure 7 anil 
Plate I il is evident that the region of intense broad band 
electrostatic noise observed during this nass, with maximum 
intensities from about I3U to 1344 I T, occurs tust before the 
rapid increase in the CiM tube counting rate and in a region 
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Fig 15 \ qualitative model shoeing the region of broad band 

electrostatic noise and the ra\ paths of the auroral hiss suggested b> 
esentssuch as in figure 14 The ras paths of the sthistler mode auroral 
hiss tend to deviate from the local magnetic held direction as the vsase 
frequenev approaches the electron gvrofrcqucncy The frequency de- 
pendence of the ras path can account for the V -shaped low-frequency 
cutoff 

with substantial fluxes of loss-energy ('I keV) protons. The 
rapid increase in the CM tube counting rate at about 1242 IT. 
which is sho\s n in more detail in Figure 16. marks the entrance 
into the stabls trapped region of the outer radiation /one and 
is a characteristic boundary called the electron E > 45 kcV 
trapping boundars l ow -altitude measurements of convection 
electric fields show that the E > 45 kcV trapping boundars 
usually corresponds closely with the boundars between open 
and closed magnetic field lines [trank and Gurnett. 1971; Gur- 
nttt and trank. 1 973) The low -energy electron and proton 
spcctrums in the region in which the broad-band electrostatic 
noise is obsersed arc characteristic of the high-density plasma 
typically found in the magnctoshcath and polar cusp. The 
relationship of the electrostatic noise to the E > 45 keV 
trapping boundars and to the low-energy plasm* in this case is 
qualitatively similar to esents of the type previously discussed 
by Scarf et ai ||9?3. I97AJ After crossing the trapping bound- 
ar> a region of very intense (I- 10 kcV) electron intensities is 
encountered from about 1245 to 1310 LT These more ener- 
getic and intense electron fluxes arc characteristic of the outer 
radiation zone during magnetically disturbed periods (a mag- 
netic storm occurred 2 days earlier, on October 14. 1974) 
Examination of charged particle measurements similar to 
those in Plate ! and Figure 16 for other local times shows that 
the region of broad-band electrostatic noise is consistently 
observed near and always on the poleward side of the electron 
E > 45 keV trapping boundary, outside the energetic (1-10 
kcV ) electron intensities characteristic of the plasma sheet and 
outer radiation /one I he region of intense electric field turbu- 
lence is usually characterized bs a distinct increase in the low- 
energy (I0U cV to I keV) electron and proton intensities 
Several tvpev of measurements show that a distinctly different 
higher-density plasma is encountered in ihu region In Figure 
3 a sharp cutoff is evident in the continuum radiation tin the 
1 3 3-kH/ channel, in particular ) at about the time. ^ 1*05 UT . 
that the broad-band cl«* w trostalic noise is encountered 1 he 
cutoff is almo«r certainly caused b\ an abrupt increase *n the 


plasma frequency and hence plasma density in the region 
where the broad-band electrostatic noise is observed This 
increase in the plasma density is directly confirmed by the 
l epedea data for this pass illustrated in Plate 2. which shows 
an abrupt increase in the low-energy ( 100 eV to I krV) electron 
and proton intensities characteristic of magnetoshealh and 
polar cusp plasma at about 1825 UT The static electric field 
measurement on Hawkcye I, which is cry sensitive to changes 
in the plasma density and temperature, also usually indicates 
an abrupt discontinuity at the boundaries of the region where 
the broad-hand electrostatic noise is observed 
The Hawkcye I magnetic field data have been carefully 
examined in search of magnetic field perturbations caused by 
field-aligned currents in the region where the broad-band elec- 
trostatic noise is observed. In most cases, no corresponding 
magnetic field perturbations can be detected However, in a 
few cases, magnetic field perturbations occur which are almost 
certainly associated with field-aligned currents. One of these 
cases is illustrated in Figure 2. The magnetic held measure- 
ments in Figure 2 clearly show numerous small perturbations 
in the angle tl* as the spacecraft passes through the region in 
which the most intense broad-band electrostatic noise is de- 
tected These magnetic field perturbations have not yet been 
analyzed in detail because of the previously mentioned prob- 
lem of reconstructing the spacecraft attitude during the peri- 
ods in question However, the magnetic field signature given 
by the angle fPV when compared with similar measurements of 
this type by Aubrv g/ al [1972) and t airfield [1973], provides 
convincing evidence that field-aligned currents are present in 
the region where the broad-band electrostatic noise occurs 
Similar magnetic field perturbations indicative of field-aligned 
currents are also evident in Figure 5 and to a lesser extent in 
Figure 4 The magnetic held measurements in Figure 3 show a 
somewhat dilTercnt magnetic field signature which has been 
observed several times on the day side of the earth In this case 
a marked change in the slope oftf* versus time is evident as the 
spacecraft enters the region of broad band electrostatic noise 
at about 1825 UT. As the spacecraft passes through the region 
of most intense electrostatic noise, from 1830 to 1930 UT. tf" 
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I ig 16 The electron intensities wuh / 4* kcN which were 

obtained with theliM lube lor ihc p.t*s shown in IM.iie I Ihc election 
/ 4s CeX trapping boundars is Utcaled -‘t about I .'42 t 1 this 
boundars marks ihc entrance into the st.ihK trapped region ol the 
outer r.idi ition /one 
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changes by about 45°. and many small amplitude fluctuations 
.ire evident in both the magnitude and the direction of the 
held Both the skewing of the magnetic field direction and the 
^mall-scale fluctuations indicate that the spacecraft has entered 
u region of higher J (ratio of the plasma to magnetic field 
pressure) in which the plasma is producing significant local 
changes in the magnetic field The abrupt increase in the low- 
energy ( 100 e\ to I keV) proton intensities, shown in Plate 2. 
provides further evidence of the higher J in this region. The 
magnetic field in this region still remains sufficiently well or- 
dered to rule out the possibility that the boundary at 1825 UT 
could be the magnetopause. 

Discussion 

It is evident that the broad-band electrostatic noise delected 
b> Hawke>e I and Imp 6 corresponds to a distinct plasma 
region which extends along the magnetic field from low alti- 
tudes in the auroral zone into the distant magnetosphere. 
\Vhen these data are compared with low-altitude measure- 
ments in the local afternoon and evening, all of the available 
ev idence indicates that the broad-band electrostatic noise oc- 
curs on magnetic field lines which connect with the region of 
intense inverted V electron precipitation observed by low- 
altitude polar-orbiting satellites ( Frank and Ackerson. 1971). 
This conclusion is supported by the following specific com- 
parisons. (I) As was discussed in the previous section, the V- 
shaped auroral hiss events detected by Hawkeye I and Imp 6 
appear to originate from the region in which the broad-band 
electrostatic noise is detected. At low altitudes, comparable V- 
shaped auroral hiss events arc directly associated w ith inverted 
V events [Gurnet t and Frank. I972u] and can be reliably used 
to identify the inverted V electron precipitation region. (2) The 
low -frequency magnetic noise bursts detected by Hawkeye I 
and Imp 6. which occur in the same region as the broad-band 
electrostatic noise, appear to be the same as the whistler mode 
ELF noise bands reported by Gurnett and Frank [ 19726] al low 
altitudes. These ELF noise bands also occur in the same region 
as the inverted V events and can be used as a good indicator of 
the inverted V electron precipitation region. (3) The broad- 
band electrostatic no.se occurs in a region which is poleward 
of the electron £ > 45 keV trapping boundary. Al low alti- 
tudes the inverted V events have essentially the same relation- 
ship to the electron £ > 45 keV trapping boundary [Frank and 
Ackerson. 197 1] (4) The broad-band electrostatic noise occurs 
in regions with substantial field-aligned currents. At low alti- 
tudes the inverted V events arc also known to occur in regions 
with substantial field-aligned currents [Ackerson and Frank. 
1972). 

In the local morning the association of the broad-band 
electrostatic noise with the low-altitude inverted V electron 
precipitation is not as clearly established as in the local after- 
noon and evening. The location of the broad-band elec- 
trostatic noise. always immediatelv poleward of the £ > 45 
keV trapping boundary, suggests that the spatial relationship 
with the inverted V events is essentially the same in the loc*! 
morning as in the local afternoon and evening Unfortunately, 
in the local morning, most of the remaining methods of com- 
parison either are absent or have not >ct been adequately 
studied For example, auroral hiss events with a distinct V- 
sbaped low-frequency cutoff which provide a meth d of iden- 
tifying the inverted V region in the local afternoon and eve- 
ning. are not observed in either the low-altiludc or the high- 
altitude plasma wave measurements in the local morning ELf 
noise bands which also provide a method of identifv ing the 


inverted V region, have not been studied sufficiently in the 
local morning region al low altitudes to provide a basis for 
comparison. 

When the Hawkeye I and Imp 6 measurements are com- 
pared with other measurements in the distant magnetosphere, 
a very clear relationship is found with plasma waves detected 
in the distant magnelolail. Recently, Gurnett et al [1976]. 
usir.g data from the Imp 8 spacecraft at geocentric radial 
distances from about 23 I to 46.3 R t . reported observations of 
broad-band electrostatic noise and magnetic noise bursts with 
characteristics essentially identical to the noise detected by 
Hawkeye I and Imp 6 much closer to the earth Actually. Imp 
6 also detects this noise in the distant magnetotail (see Figure 
II): however, only the near-earth results. R < 10 R * . arc 
emphasized in this papet . In the distant magnetotail the broad- 
band electrostatic noise and magnetic noise bursts are detected 
by Imp 8 near the outer boundary of the plasma sheet in 
regions which have very large plasma streaming velocities. 
>10* km s"\ directed cither toward or away from the earth 
The electrostatic noise intensities arc often greatly enhanced 
during periods of intense auroral activ ity On the basis of these 
and other comparisons. Gurnett et al [ 1976] suggested that the 
broad-band electrostatic noise and magnetic noise bursts oc- 
cur in regions of field-aligned currents which develop at the 
outer boundaries of the plasma sheet during periods of in- 
creased auroral activity [Aubry et al . 1972: F airfield. 1973] 
The very close similarity between the broad-band electrostatic 
noise and magnetic noise bursts detected by Hawkeye I and 
Imp 6 near the earth and by Imp 8 in the distant magnetotail 
provides strong evidence that this noise is associated with 
fold-aligned currents which map into the inverted V electron 
precipitation regions observed at low altitudes. The relation- 
ships between the plasma waves, plasma regions, and field- 
aligned currents suggested by these data on the nightside of the 
earth are summarized in Figure 17. 

At other local times the relationships between the broad- 
band electrostatic noise and the plasma regions of the distant 
magnetosphere are not as well understood On the day side of 
the earth the distinct skew ing of the magnetic field direction in 
the region w here the broad-band electrostatic noise is delected, 
as in Figure 3. strongly suggests that this region corresponds to 
the ‘entry layer’ discussed by Paschmann et al. [1976]. Since the 
investigation of the polar cusp region with Hawkeye I is still in 
a preliminary stage, further study is needed to establish the 
relationship of the broad-band electrostatic noise to the 
plasma regions observed on the dayside of the earth. 

Summary and Isterprftxtion 

In this study we have shown that a region of intense plasma 
wave turbulence occurs on high-latitude auroral field lines at 
altitudes ranging from a few thousand kilometers in the iono- 
sphere to greater than 40 R f in the distant magnetotail Two 
distinctly different components are evident in the spectrum of 
this turbulence. (I) an intense quasi-electrostatic component 
called broad-band electrostatic noise and (2) a weak whistler 
mode electromagnetic component called magnetic noise 
bursts. The broad-band electrostatic noise occurs over a very 
broad frequency range, a few hertz to several kilohertz, with 
maximum electric field intensities in the frequency range of 
about 10-50 Hz and typical maximum broad-band rmselcvtrk 
field strengths of 10 mV m 1 The magnetic noise bursts occur 
in the frequency range of about 10 Hz to a lew hundred hertz 
(always with f ) and are usually most intense at frequen- 
cies of about 100 Hz. with typical broad-band magnetic field 
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Fig 17. The spatial relationships between the broad band electrostatic noise, field-aligned currents. Ion altitude inverted 
V electron precipitation, and earthward streaming protons i\ (he distant magnetotail suggested b> this studs 


strengths of about 10 m> The magnetic noise bursts are 
always observed in the same region as the broad-band elec- 
trostatic noise In the local afternoon and evening the broad- 
band electrostatic noise appears to have a close relationship 
with auroral hiss emissions which occur in this local time 
region. Comparison with lowaltitude measurements provides 
substantial evidence that the intense plasma wave turbulence 
detected by Hawkeve I and Imp h occurs on magnetic field 
lines which co ncct with regions of intense inverted \ electron 
precipitation observed at low altitudes. In the distant magne- 
totail the same plasma wave turbulence is detected by the Imp 
8 spacecraft in regions w nh intense fluxes of protons streaming 
toward the earth at velocities sometimes in excess of llV km 
s' 1 . At intermediate radial distances, magnetic field per- 
turbations characteristic of field-aligned currents have been 
detected in the same region as the intense plasma wave turbu- 
lence 

When these results arc compared with other previous elec- 
tric field measurements, it is apparent that the broad-band 
electric field turbulence detected bv Hawkeve I and Imp b has 
many close similarities to the electric field turbulence delected 
by the Ogo 5 spacecraft in the high. latitude regions of the 
magnetosphere [Scarf et al . 1^73. 1 ^ 75 ] In both cases, intense 
electric field turbulence is observed near the energetic (£ i 50 
kcV) electron trapping boundary and in regions with large 
field-aligned currents However, substantial differences arc 
also evident The most intense component of the broad-band 
electric field turbulence detected b> Hawke>c I and Imp 6 
occurs at frequencies (10-50 H/l which are well below the low- 
frequency cutoff ( ' 500 H/l of the Ogo 5 plasma wave experi- 
ment and therefore not detectable W ithin the frequenev range 
of the Ogo 5 experiment the electrostatic turbulence usuallv 
consists of a few verv impulsive bursts with durations of onlv a 
few seconds In contrast, the low-frequency component of the 
electrostatic noise detected bv Hawkeve I and Imp b occurs 
over a broad region, usuallv several degrees in magnetic lati- 
tude. with a ncarlv constant intensitv 1 requcntlv. short dura- 
tion bursts can be seen in the Hawkeve I and Imp b wide band 


spectrograms, as in Figure 8. extending upward in frequency 
out of the intense low -frequency component. These brief 
bursts probably correspond to the intense short duration 
bursts detected by Ogo 5. 

Although most of the general features of this plasma wave 
turbulence arc now known, many questions remain concerning 
the plasma wave modes involved in this turbulence and the 
role which these waves play in the plasma processes which 
occur along the auroral field lines Although the mode of 
propagation of the magnetic noise bursts can be clearly identi- 
fied as the whistler mode, the plasma wave mode associated 
with the broad-band electrostatic noise is poorly understood 
The nearly continuous transition of the w histicr mode auroral 
hiss spectrum into the broad band electrostatic noise (as in 
Figures I 3 and 14) suggests that the broad-band electrostatic 
noise is closely associated with the whistler mode As was 
discussed earlier, very short wavelength whistler mode waves, 
with wave normal directions close to the resonance cone, have 
mans of the characteristics required to explain this noise (they 
are quasi-electrostatic. have a low-frequency cutoff near /| HN , 
and have small phase velocities characteristic of a spatially 
localized plasma wave mode) Although the broad-band elec- 
trostatic noise has certain characteristics of the cold plasma 
whistler mode, hot plasma clfects must certainly be involved in 
the generation of this noise Most likely, this noise is asso- 
ciated with a hot plasma mode, such as the ion sound wave 
mode (f < ! P ' ) or the electrostatic ion cyclotron modes [I * 
nf t * ). which couple strongly with the whistler mode at fre- 
quencies near Electrostatic instabilities and whistler 

mode coupling effects of this type have been discussed bv 
several investigators [eg.. Stzonenko and Stepanov. I^b 7 . 
Janus. I^7b. Mufw*. |9 7 b) Since both the broad-band elec- 
trostatic noise and the whistler mode magnetic noise bursts 
occur in regions with substantial field-aligned currents, it 
seems almost certain that both of these waves are produced bv 
a current driven instability Although several current driven 
instabilities are known which could possiblv account lor these 
waves |e c . A in del and Kennel l** 7 l| further detailed studies 
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of the charged particle distribution functions are needed to 
identif) the plasma instabilities involved in the generation of 
these waves. 

Since the broad-band electrostatic noise is believed to occur 
on the same magnetic field lines as the inverted V electron 
events, it is of interest to consider how this plasma wave 
turbulence ma> be associated with the inverted V electron 
acceleration and heating. As was discussed b> Frank and Ack- 
erson (|97||. Leans (1974). and others, the inverted V electron 
acceleration is believed to take place relative!) close to the 
earth, at radial distances of only a lew earth radii Numerous 
other phenomena, such as auroral hiss [Grime// and Frank, 
I972«] and auroral kilomctric radiation [Gurnet t. 1974), 
clcarl) show that some distinctly nonthermal process is taking 
place along the nighttime auroral field lines at altitudes from 
about 5.000 to 20,000 km. On the same magnetic field lines as 
the inverted V events, intense field-aligned currents are known 
to flow between the distant magnetosphere and the iono- 
sphere. and intense fluxes of protons arc detected streaming 
towaid the earth in the distant niagnclolail [Frank et al . 1976) 
In considering the possible role of the plasma wave turbulence 
delected b> Mawkeve I and Imp 6 on the acceleration and 
heating of the auroral particles, two main questions can be 
identified (I ) whether the waves act to ihcrmali/e the earth- 
ward streaming protons and in the process heat the electrons 
to the high temperatures characteristic of the inverted V 
events, and (2) whether the waves cause an anomalous resis- 
tivity sufficiently large to account for field-aligned potential 
differences thought to be involved in the primary acceleration 
of the inverted V electrons. 

Since only a small fraction of the protons streaming toward 
the earth in the distant magnetotail arc observed to return 
from the direction of the earth. Frank (1972) has suggested 
that the energy carried by these protons is transferred to the 
electrons al some point along the magnetic field line closer to 
the earth, thereby accounting fc" the inverted V electron pre- 
cipitation and the absence of con., 'able intense proton fluxes 
at low altitudes S.nce the plasma at these altitudes is nearly 
collisionless, some mechanism is needed to transfer the energy 
and momentum from the electrons to the protons The occur- 
rence of intense plasma wave turbulence along the field lines 
where the inverted V events arc observed strongly suggests that 
this turbulence is involved in heating these electrons. In many 
respects the process could be similar to the earth's bow shock, 
where plasma waves play the dominant role in the plasma 
heating For the observed electric field spectrum the primary 
interactions w ith the protons w ould be expected at the harmon- 
ics nf 9 * of the proton gyrofrcquency. The electron heating 
could occur by either Landau damping or cyclotron damping 
of the waves generated by the earthward streaming protons. 

In addition to the heating caused by the generation and 
reabsorption of plasma waves, energy exchange can also occur 
in regions of field-aligned currents because of the anomalous 
resistivity caused by the plasma wjvc turbulence Estimates of 
the field-aligned potential differences caused by anomalous 
resistivity in regions of field-aligned currents have been pre- 
viously given by Fredricks et al (1973) Assuming an rms 
broad-band electric field strength of 90 mV m \ Fredricks et 
al estimate that field-aligned potential differences of the order 
of 2 kV can be expected In the region surveyed by Haw i eve I 
and Imp 6 the rms electric field strength of the broad band 
electrostatic noise is seldom larger than about 10*30 m\ m 
and in the distant nugnctoi.nl the electric field strength of this 
noise is even smaller, seldom excccJmg about 1-2 mV m 1 (see 


Gurnet t et al . 1976) Since the anomalous resistivity varies 
the square of the electric field strength | Sundew and ( lalcct . 
1966), the field-aligned potential differences in the regions 
surveyed by Haw key e I and Imp 6 arc less than those esti- 
mated by Fredricks et al . probably not more than about 2(H) 
V. assuming that the other parameters are similar. Potential 
differences of this order are too small to account lor the 
electron energies of ** 10 kcV observed in the inverted V elec- 
tron precipitation at low altitudes However, it should be 
noted that the Haw key e I and Imp 6 measurements do not 
include the radial distance range of about 1 .8*4.0 A\ (at L 
8). and the electric field intensity may be significantly larger in 
this altitude range. Comparisons between Imp 8 and Haw key e 
I in fact suggest that the electric field intensity of the broad- 
band electrostatic noise increases at lower altitudes (compare 
Figure 5 from Garnett et al (1976) with Figure 6 of this paper i 
The possibility that the electric field intensities may increase 
with decreasing altitude is further supported by the Ogo 5 
observations of Scarf ct al. (1973). in which electric field 
strengths as large as ^200 mV m * were observed at a radial 
distance of 2.5 R, Broad-band electric field strengths this 
large have not yet been observed by Hawkeyc I and Imp 6 
The absence of such large field strengths in the Hawkeyc I and 
Imp 6 data is not considered to be in disagreement with the 
Ogo 5 measurements be *ause of the previously mentioned 
limitations in the orbital coverage, which has not yet provided 
measurements at radial distances near 2 5 R> on the auroral 
field lines Hopefully, data obtained later in the Hawkeyc I 
lifetime can provide the measurements necessary to extend the 
results of the present study into the region from 1.8 to 4 0 R, 
along the auroral field lines. 

Since the wavelength of the electric field turbulence detected 
by Hawkeve I and Imp 6 may be very short, consideration 
must also be given to the possibility that the wavelengths may 
be shorter than the antenna lengths (42 45 and 92.50 m for 
Hawkeve I and Imp 6. respectively) If wavelengths A occur 
which are shorter than the antenna length /., then the elect' , 
field strength will be underestimated, possibly by a large factor 
if A « L The shortest wavelength which can occur in a 
plasma is approximately * 2irA„ « 46.6(7 nY * m. where 
is the Debye length. 7 is the electron temperature in elec- 
tron volts, and n is the electron density in units per cubic 
centimeter In the high-altitude region (7f > 4.0 R , ) surveyed 
by Hawkeve I and Imp 6 a reliable upper limit to the electron 
density can be obtained from the low-frequency cutoff of the 
continuum radiation, which must occur at frequencies greater 
than the local electron plasma frequency f > f r > 9(/i)‘ 1 kH/ 
In the region where the broad-band electrostatic noise is ob- 
served the continuum radiation cutoff is typically about 15 
kH/ and almost never greater than 30 kH/. which implies 
densities of typically 3 cm * and almost never more than 10 
cm * The electron temperature is more difficult to estimate 
Because substantial fluxes of electrons with energies of several 
hundred electron volts arc usually present in these regions, it is 
estimated that the electron temperature is almost certainly of 
the order of 100 eV or more W hen n 10 cm * and 7 100 

eV. the minimum wavelength is A* - 147 4 m. which is longer 
than either the Hawkeve I or the Imp o antenna by a signili- 
cant factor We conclude that errors due to short wavelength 
effects are not likely to be present in the high-altitude ( R 4 o 
R, ) measurements presented in this paper I his conclusion has 
been verified in a lew cases by comparing measurements ob 
tamed with antennas of different lengths on Imp r*. which show 
the expected proportionality of the signal strength with m 
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creasing antenna length which should he observed when A » 

L . 

For the levs -altitude region [H < 18 R K ) surveyed by Hawk- 
eye I it is certain that the minimum wavelength can be wic* 
less than the antenna length because of the larger ciccuvr. 
densit) and lower electron temperature in the lone f j. 
Whether the broad-band electric field turbulence dctcciwd at 
low altitudes actually has wavelengths sufficiently short to 
cause serious errors in the electric field measurements *s diffi- 
cult to determine and has not been investigated in detail, since 
the primary emphasis of this study has been on the high- 
altitude observation On the basis of earlier studies by Kelley 
and Mo:er (1972], in which wavelengths of the low-altitude 
electric field turbulence were directly measured. Kintner 1 1976] 
has presented arguments showing that the wavelengths of the 
broad-band electrostatic noise are sufficiently long to preclude 
the possibility of serious errors in the electric field spectrum 
even at low altitudes. 
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ELECTROSTATIC TURBULENCE IN THE MAGNETOSPHERE 
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Plasma wave measurements from the IMP- 6 , IMP -8 and Hawkeye-1 
satellites show that a broad region of intense low-frequency elec- 
tric field turbulence occurs on the high latitude auroral field 
lines at altitudes ranging from a few thousand kilometers in the 
ionosphere to many earth radii in the distant magnetosphere. A 
qualitatively similar, but less intense, type of electric field 
turbulence is also observed at the plasmupause during magnetic 
storms. In the auroral regions the turbulence occurs in an ess- 
entially continuous band on the auroral L-shells at all local 
times around the earth and is most intense during periods of 
auroral activity. In this paper we summarize the basic character- 
istics of this electric field turbulence and consider the possible 
role thl* turbulence may play in the heating and acceleration of 
plasma in the magnetosphere. 


I. INTRODUCTION 


Recent studies of plasma wave measurements obtained from the IMP- 6 , IMP- 
8 and Hawkeye-1 satellites have revealed the existence of a broad region of 
low frequency electric field turbulence on auroral field lines at altitudes 
ranging from a few thousand kilometers in the auroral ionosphere to many 
earth radii in the distant magnetosphere [Gurnett and Frank, 1976; Gurnett 
et al. , 1976] • A similar region of electric field turbulence with somewhat 
lower intensities is also detected near the plasmapause during magnetic 
storms [Anderson and Gurnett, 19731 • The electric field intensity of the 
turbulence on the auroral field lines Is often quite large, with maximum 
field strengths of about 30 mV m - ^. T.i frequency range of the electric 
field noise typically extends from about 10 Hz to a few kHz, with the maximum 
intensity at about 10 to $0 Hz. Weak bursts of magnetic noise are also de- 
tected in the same region as the electric field turbulence. 

Far many years it has been suggested thr.t intense electric fields pro- 
duced by current -driven instabilities can in:eract with the current-carrying 
particles in a plasma to produce an effective resistivity many orders of 

+ Research performed while on leave at the Max -Planck- Inst it ut fur Extra- 
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magnitude larger than the Coulomb resistivity. (See for example the recent 
reva.r'w by Mozer, 1976). Kindel and Kennel [3971] have considered the possi- 
ble current -driven instabilities which could occur in the auroral zone and 
have concluded that the electrostatic ion cyclotron and ion acoustic modes 
should be unstable in the regions of field-aligned currents associated with 
the auroral electron precipitation. If the electric field turbulence pro- 
duced by these instabilities grows to sufficiently large amplitudes the asso- 
ciated anomalous resistivity can produce large electrostatic potential diff- 
erences along the magnetic field line, with an associated acceleration of 
same of the particles to high energies. In the distant magnetotail anomalous 
resistivity produced by plasma wave turbulence has also been suggested as a 
mechanism to control the merging rate of oppositely directed magnetic fields 
at X-type neutral lines [PLddington, 1967; Dungey, 1972]. In this paper we 
sunmarlze the observed characteristics of the electric field turbulence de- 
tected by the IMP and Hawkeye satellites and consider the possible role of 
this turbulence in the heating and acceleration of auroral particles. 


II. EIZCTROSTATIC TURBULENCE ON AURORAL FIELD LINES 


To illustrate the principal characteristics of the intense low frequency 
electric field turbulence which occurs on the high latitude auroral field 
lines we first discuss the plasma wave measurements on three representative 
passes of the Hawkeye-1, IMP-6 and IMP-8 spacecraft. The Hawkeye-1 and IMP-6 
passes in Figures 1 and 2 cut across the auroral L-shells relatively close to 
the earth (5 to 10 R^) in the local morning and evening, respectively, and 
tLe IMP-8 pass in Figure 3 crosses through the neutral sheet region of the 
distant magnetotail about 30 R e from the earth. The top panel of each of 
these illustrations shows the magnetic field magnitude and direction and the 
middle and bottom panels show the plasma wave magnetic and electric field in- 
tensities. The intensity scale for each channel is proportional to the loga- 
rithm of the field strength, with a range of 100 db from the baseline of one 
channel to the baseline of the next higher channel. For the IMP data the 
dots give the peak field strength and the vertical bars give the average 
field strength. For further details of the plasma wave instrumentation on 
these spacecraft see Gurnett [1974] and Kurth et al. [1975]. 

The first representative pass (in Figure l) is an outbound Hawkeye-1 
pass in the local morning at about 0900 magnetic local time. Several types 
of plasma waves are present during this pass. Within the plasmasphere, be- 
fore about 1525 UT, plasmaspheric hiss is evident in both the electric and 
magnetic field channels at frequencies frcm 178 Hz to 5.62 kHz. At slightly 
higher frequencies outside of the plasma pause a series of (n ♦ l/2)fX elec- 
trostatic cyclotron harmonic emissions and a band of continuum radiation can 
be seen extending over a large range of radial distances. Starting at about 
1825 UT, and extending to about 1940 UT, a region of intense low-frequency 
electric field noise is evident in the frequency range from about 10 Hz to 
10 kHz. Since this noise occurs over a broad range of frequencies and is 
most evident in the electric field data we refer to this noise as broad-band 
electrostatic noise [Gurnett et al, t 1976; Gurnett and Frank, 1976]. Seme 



Figure 1. A Havkeye-1 pass near local davu. Intense electrostatic 
turbultnce occurs near the plasnapause, free 1620 to 1625 UT and 
along the auroral field lines, from about 1025 to 19^0 UT. 


weak bursts of magnetic noise are also observed in the same region as the 
broad-band electrostatic noise. Simultaneous with the onset of the broad- 
band electrostatic noise in Figure 1 (at 1025 UT) an abrupt cutoff occurs in 
the continuum radiation in the 13.3 and 17.8 kHz channels. This cutoff 
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Figure 2. An IMP-6 pass near local midnight shoving the occurrence 
of several regions of intense broad-band electrostatic noise. 


indicates that the spacecraft has entered a region of distinctly higher plas 
mas density (with fp ~ 17.8 kHz) in the region where the broad-band electro- 
static noise occurs. At the same time a distinct skewing of the magnetic 
field direction, 0 D , and an increase in the magnetic field fluctuations are 
evident. Both the skewing of the magnetic field direction and the increase 
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in the plasma density indicate that the spacecraft has entered a region of 
higher 0 (ratio of plasma to magnetic pressure) characteristic of the polar 
cusp or entry layer [Frank, 1971; fttschmann et al., 1976] on the day side of 
the magnetosphere. 


On the night side of the magnetosphere a qualitatively similar type of 
plasma wave turbulence is also observed, both near the earth and in the dis- 
tant magnetotail. Figure 2 shows a typical IMP-6 pass through the high-lati- 
tude region of the magnetosphere near the earth in the local evening, at 
about 2300 magnetic local time. During this pass several distinct regions 
with intense broad-band electrostatic noise can be identified, the first at 
about 0900 UT, followed by a broad region from about 0920 to 09^0 UT. The 
enhanced electric field intensities within these regions, at L-values from 
about 8 to 10, are very clear and distinct, particularly in the peak field 
strength measurements. Magnetic noise bursts are also evident in the low 
frequency, 36 Hz to 200 Hz, magnetic field channels. Several distinct per- 
turbations in the magnetic field direction, cp§M> indicative of field-aligned 
currents, are also present in the region where the broad -band electrostatic 
noise is observed. Figure 3 shows an IMP-8 pass through the plasma sheet in 
the distant magnetotail for which the same type of broad-band electrostatic 
noise is observed at a radial distance of over 30 R e from the earth. During 
this pass the transition from the northern to the southern lobes of the mag- 
netotail is indicated by the change in the magnetic field direction from cpg M 
~ 0° to ~ 180° and the high energy density 0 ~ 1 region of the plasma 
sheet can be identified by the region of depressed magnetic field intensity 
from about 1300 to 2200 UT. Comparing the electric field intensities with 
the magnetic field magnitude B it is seen that the intense broad-band elec- 
trostatic noise tends to occur near the boundaries of the plasma sheet in 
the region where the magnetic field changes from the relatively steady field 
characteristic of the high latitude mgnetotail to the depressed and more 
variable field in the plasma sheet. Detailed comparisons with the plasma 
measurements of Frank et al. [1976] far this same period show that the in- 
tense broad-band noise occurs in regions with large flow velocities, > 10^ 
tan sec”l, associated with the merging region (fireball) in the distant magne- 
totail. Magnetic noise bursts, comparable to the events in Figures 1 and 2, 
are also evident in the regions of intense broad -band electrostatic noise. 

The onset of tne broad -band electrostatic noise bursts at 1205, 1830 and 
2200 UT, also occurs coincident with the onset of intense bursts of auroral 
kilometric radiation, a type of radio emission generated at low altitudes 
near the earth. This association strongly suggests that the plasma wave 
turbulence in the distant magnetosphere plays an important role in controll- 
ing or influencing the auroral particle precipitation near the earth. 


Typical peak and average spectrums of the electric and magnetic fields 
in a region of intense broad-band electrostatic noise are shown in Figure U. 
These spectrums show that the ratio of the average electric field energy den- 
sity o to the average magnetic field energy density is much greater than one, 
E^/c 1- B 2 ~ 39 , which illustrates the essentially electrostatic (or quasi- 
elect rostatic) character of the turbulence. The electric field spectrum in 
Figure also shows that the frequency range of this turbulence extends from 
near the proton gyrofrequency , fg, to the electron gyrofrequency , f~. The 
largest electric field intensities occur at low frequencies, from about 10 to 
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The frequency of occurrence of bread-band electrostatic noise 
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50 Hz, in the range between fg and the hybrid frequency */fg fg. The r.m.s. 
broad-band electric field strength for this case is 10.8 mV m-l and the peak 
broad-band field strength is 35.6 mV m -1 . 

Using the extensive measurements available from the IMP-6 and Hawkeye-1 
spaced \ft a detailed study has been made of the region of occurrence of the 
broad -band electrostatic noise. The essential features of the frequency of 
occurrence distribution are shown in Figures 5 and 6. For this frequency of 
occurrence distribution events are identified on the basis of the low-fre- 
quency electric field intensity (56.2 Hz for Hawkeye-1 and 63.0 Hz for IMP 
-6). The threshold electric field spectral density used for defining an 
event is 1.4 x 10"? volt 2 m 2 Hz . Figure 5 shows the frequency of occur- 
rence as a function of radial distance, R, and magnetic latitude, X m , for 
magnetic local time in the local midnight quadrant, from about 21 to 03 Hr. 
MIT. These data show that the broad -band electrostatic noise occurs in two 
distinct latitudinal ly symmetric regions, starting at high latitudes, ~ 70°, 
near the earth and extending to progressively lower latitudes with increasing 
radial distance. Hie two regions appear to merge in the distant magnetotail 
at a radial distance of about 10 R e . The latitudinal width of the region of 
occurrence, approximately 20° at R = 5.01 to 6.31 is several times larger 

than the latitudinal width typically observed on an individual pass. This 
increase in the apparent latitudinal width of the region of occurrence is 
almost certainly caused by the orbit -to-orbit variations of the L-shell on 
which the noise occurs. On the basis of passes through the plasma sheet, as 
in Figure 3> in which the noise is observed near the outer boundaries of the 
plasma sheet, it seems likely that at any given time the northern and south- 
ern regions of occurrence remain distinctly separated to much larger dis- 
tances (R » 10 R e ) in the oagnetotail than are indicated by the statistical 
survey in Figure 5. 
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Figure 6# The frequency of occurrence of broad -band electrostatic 
noise on a shell of constant radial distance fran 5.01 to 6. 31 R e * 



To illustrate the variations in the region of occurrence with magnetic 
local time Figure 6 shows the frequency of occurrence as a function of mag- 
netic latitude and magnetic local time at a constant radial distance, 5*01 R e 
£ B< 6.31 R . This range of radial distance was chosen because it is suffi- 
ciently far from the earth to provide measurements over a wide range of 
magnetic latitudes and still close enough for the magnetic field model to be 
reasonably accurate. For reference, the L- value of the magnetic field pass- 
ing through the center of this region at R ■ 5*62 Re is shown on the right 
side of Figure 6. The broad-band electrostatic noise is seen to occur in an 
essentially continuous band at all local times around the earth. The noise 
occurs at the lowest magnetic latitudes near local midnight and at systemati- 
cally higher magnetic latitudes on the day side of the earth. The frequency 
of occurrence (and also the average intensity, not shown) is significantly 
higher on the night side of the earth. Near local midnight the maximum 
occurrence is at L-values from about 8 to 12. 


III. ELECTROSTATIC TURBULENCE NEAR THE PIASMABAUSE 


Electrostatic turbulence similar to the intense broad-band electrostatic 
noise observed along the auroral field lines is also observed near the 
plasmapause during magnetic storms. A good example of this electrostatic 
turbulence is evident in the 17.8 and 56.2 Hz electric field channels of 
Figure 1 as the spacecraft crosses the plasmapause, from about 1620 to 1625 
UT. The broad-band field strength of this noise is relatively weak, only 
about 250 uV m _ l. No magnetic field can be detected in the corresponding 
magnetic field channels. As with the broad-band electrostatic noise in the 
auroral zone the electric field energy density of the plasmapause noise 
greatly exceeds the magnetic field energy density (for example, compare this 
noise with the electromagnetic plasmaspheric hiss emissions in the 178 Hz 
channel at 1615 UT). 

Electrostatic noise of the type illustrated in Figure 1 has been pre- 
viously observed ou the S^-A spacecraft [Anderson and Gurnett, 1973) near 
the equatorial plane during a magnetic storm and similar electrostatic waves 
have also been observed at low altitudes near the plasmapause in association 
with a stable red arc [Nagy et al. , 1972]. The Hawkeye-1 observations indi- 
cate that this plasmapause electrostatic turbulence occurs all along the 
magnetic field line, from the equator to low altitudes in the ionosphere. 

At the present time relatively little is known in detail about the occurrence 
of this electrostatic turbulence, or its relationship to the plasma inter- 
actions occurring at the plasmapause during a magnetic storm. 


IV. SUMMARY AND DISCUSSION 


Intense low-frequency electrostatic turbulence is observed in two dis- 
tinct regions of the nagnetosphere : along the auroral field lines and near 


fO 


the plasmapause. Along the auroral field lines this electric field turbu- 
lence, which has been called broad-band electrostatic noise, is very intense 
with maximum broad-band electric field strengths sometimes as large as 30 
mV m"^. This turbulence occurs in an essentially continuous bond on the 
auroral L-shells at all local times around the earth and extends to large 
distances ( > 40 R fi ) in the distant magnetotail near the outer boundary of 
the plasma sheet, weak bursts of magnetic noise are also observed in the 
same region as the broad-band electrostatic field and comparisons with mag- 
netic field and plasma measurements show that this noise occurs on field 
lines which carry significant field-aligned currents between the distant 
magnetosphere and the ionosphere and in regions of the distant magnetotail 
which have large plasma flow velocities, > 103 km sec"^- [Gurnett et al. , 
1976] . At low altitudes evidence has been presented [Gurnett and Frank, 
1976] indicating that this low frequency electric field turbulence occurs on 
the same magnetic field lines as the intense inverted-V electron precipita- 
tion events responsible for a major fraction of the auroral energy dissipa- 
tion in the local evening. lhese relationships are summarized in Figure 7 . 
Near the plasmapause a lower intensity type of electrostatic turbulence is 
observed which has many characteristics (broad -band, quasi-electrostatic, 
peak intensity from 10 to 50 Hz) similar to the broad-band electrostatic 
noise observed in the auroral regions. This noise occurs relatively infre- 
quently and is apparently associated with the interaction of the hot ring 
current plasma with the plasmasphere during magnetic storms. 

WAVES 
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Figure 7. A qualitative model showing the region where the broad-band 
electrostatic noise occurs in relation to the plasma 
sheet near local midnight. 


K 

Although most of the general features of the electric field turbulence 
which occurs in the auroral regions and distant magnetotail are now known 
many questions remain concerning the plasma wave modes involved in this tur- 
bulence and the role which these waves play in the plasma heating and accel- 
eration which occur along the auroral field lines. Since this turbulence 
occurs in regions with substantial field-aligned currents it seems most like- 
ly that these waves are produced by a current driven instability, such as the 
ion sound wave mode (f < f*) or the electrostatic ion cyclotron modes (f ~ 
n fg). Current driven instabilities of this type have been studied by 
several investigators (see for example, Kindel and Kennel, 1971). Further 
detailed studies of the charged particle distribution functions are needed 
to identify the plasma instabilities involved in the generation of these 
waves. Rough estimates of the anomalous resistivity produced by the broad- 
band electric field turbulence detected in regions of field-aligned currents 
at high altitudes (R > 4R e ), indicate that this turbulence could only account 
for potential differences of about 100 volts between R st 4.0 R e and the 
distant magnetosphere [Gurnett and Frank, 1976] . Unless the turbulence be- 
comes stronger at lower altitudes these potential differences are too small 
to account for the acceleration of auroral electrons to energies of 10 keV. 
Measurements are still needed in the altitude range fro™ about 1.8 to 4.0 Rg 
to provide a conclusive evaluation of the role of this turbulence on the 
acceleration of auroral particles. 
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The Angular Distribution of Auroral Kilometric Radiation 

James Lauer Green, Dpnaid A. Gurnett, and Stanley D. Shawhan 

Department of Physics and Astronomy, University of Iowa. Iowa City. Iowa 52242 

Measurements of the angular distribution of auroral kilometric radiation (AKR) are presented b> using 
observations from the Hawkeye I. Imp 6. and Imp 8 satellites The University of Iowa plasma wave 
experiments on Hawkeye I and Imp 6 provide electric field measurements of AKR in narrow frequency 
bands centered at 178. 100. and 56 2 kHz. and the Imp 8 experiment provides measurements at 500 kHz 
From a frequency of occurrence survey . at radial distances greater than 7 R t (earth radii ) it is shown that 
AKR is preferentially and instantaneously beamed into solid angles of approximately 3 5 sr at 178 kHz. 
18 sr at 100 kHz. and I I sr at 56 2 kHz. directed upward from the nighttime auroral zones Simultaneous 
multiple satellite observations of AKR in the northern hemisphere show that the radiation occurs 
simultaneously throughout these solid angles and that the plasmapause acts as an abrupt propagation 
cutoff on the mghiside of the earth No comparable cutoff is observed at the plasmapause on the davside 
of the earth 

The results of computer ray tracing calculations for both the right-hand [RX ) and left-hand (L-0) 
polarized modes arc also presented in an attempt to understand the propagation characteristics of the 
AKR These calculations assume that a small source emits radiation at various frequencies along a 
magnetic field line at 70* invariant latitude near local midnight The approximate altitude of the source 
can be determined for each of the two modes of propagation by adjusting the source altitude to giv~ the 
best fit to the observed angular distributions. The R-X mode is found to give the best agreement wit.i the 
observed angular distributions. 


Introdlction 

Recent satellite observations have revealed two distinctly 
different nonthcrmal radio emissions associated with the 
earth's magnetosphere Both types of emissions occur at kilo* 
metric wjvclengths in the radio spectrum One of these types 
of radiation has a relatively constant intensity and is very 
weak. This radiation has been called the ‘nonthermal contin* 
uum’ and is generated between the plasmapause anc the mag- 
netopause. the greatest intensity being on the dayside of the 
earth ( Gurnett . 1975) The other type of radiation, which has 
been called ‘terrestrial kilometric radiation' by Gurnett [1974] 
and by Kaiser and Alexander (1976). consists of intense spo- 
radic bursts of electromagnetic radiation generated over a 
wide range of distances (2-15 R c ) above the auroral zones 
J i.oiser and Alexander. 1976) Since the most intense and fre- 
quently occurring kilometric radio emissions originate from 
the nighttime auroral regions and are closely correlated with 
the occurrence of aurora. Kunh et al (1975) have called these 
emissions ‘auroral kilometric radiation.’ The present study 
only considers satellite observations of auroral kilometric radi- 
ation (AKR). 

Dunckel et al (1970) first showed that AKR was correlated 
with the auroral elcctrojet index AE Using photographs pro- 
duced from the optical scanner aboard the Dapp satellite. 
Gurnett |I974) demonstrated a close association of AKR with 
discrete auroral arcs Since Ackerson and Frank [1972] had 
previously showed that intense ‘inverted V‘ electron precipi- 
tation events are correlated with discrete auroral arcs. Gurnett 
(1974) concluded that AKR is closely associated with the 
inverted V electron precipitation 

The power spectrum of AKR has a large degree of varia- 
bility with time Gurnett [ 1974) presented a power spectrum of 
a typical auroral kilometric burst as observed by Imp 8 that 
had a peak power flux of about 10 M Wr* Hz'* at 178 kHz 
On either side of ihe peak the spectrum decreased rapidly in 
intensity, decreasing to the receiver noise level at about 30 kHz 
and to near the cosmic background at 2 MHz Kaiser and 

Copvnghi $ 1977 by the American Geophysical Union 
Paper number * A0I3* 


Stone [1975] presented a similar power spectrum with peak 
frequency near 500 kHz. and they also indicated that the peak 
may sometimes be as low as 130 kHz. Gurnett [1974] estimated 
that at peak intensity the total power of AKR is sometimes as 
high as 10* W. 

Preliminary evidence presented by Gurnett [1974) at 178 
kHz indicated that AKR is generated at radial distances as low 
as 2.8 /?£ (earth radii) in the evening auroral zone from a 
source that ‘subtends a small angular size * Direction finding 
measurements from Imp 8 and Hawkeyc I were Used by Kunh 
et al. [1975) to locate the average source region of AUK 
projected onto the equatorial plane al the frequenev of 178 
kHz F rom Imp a observations the average source region was 
found to be a' a local time of 2 1.25 hours and at a distance of 
0 835 R f from . he r» aar axis These measurements w ould place 
the source at a geocentric radial distance of about 2 R, along 
an auroral field line (70° invariant latitude). The Hawkeye I 
observations presented by Kunh et al [1975] also gave similar 
results. 

Using RAE 2 in orbit about the moon. Kaiser and Alexander 
[1976] produced two-dimensional source location measure- 
ments of AKR from lunar occultations. They found that al- 
though the average source location at 250 kHz is between 2 
and 3 R r above the polar regions, a number of events indicated 
that the radiation may occasionally be generated at large 
radial distance ( >7 R t ) From single lunar occultations. Alex- 
ander and Kaiser [1976] have observed several source regions 
at the same frequency The most intense component of the 
multiple sources is almost always closest to the earth, and the 
weakest component is the most distant A preliminary in- 
vestigation by Alexander and Kaiser [|9 7 6] of the variation ol 
source positions with observing frequency indicated that AKR 
emission at frequencies above 300 kHz came from closer to the 
earth than the emissions at frequencies less than 250 kHz In 
addition, the sources in the northern hemisphere, on the night- 
side, appear to trace out a 70° invariant latitude magnetic held 
line 

The purpose of this paper is to determine the angular distri- 
bution of auroral kilometric radiation at different frequencies 
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Fig. I. Crou calibration of the receiver responses of the plasma wave experiments on Hawkcye I and Imp 6 using 

simultaneous observations of a type III radio burst 


by making use of observations from three satellites over a 
period of several years. Variations in these observed angular 
distributions as a func'*on of frequency are then explored by 
using ray tracing calculations in order to obtain more informa- 
tion on the spatial position and characteristics of the source 
region of AKR The ray tracing calculations also indicate the 
most probable polarization of this electromagnetic radiation. 

Method of Analysis 

Inurumentaiion 

The University of Iowa has nearly identical plasma wave 
experiments on board Hawkeye I. Imp 6. and Imp 8 Imp 6 
and Hawkeye I are in highly elliptical earth orbits The apogee 
of Hawkeye I is oxer the north polar region at a radial distance 
cf 130.856 km The apogee of Imp 6 is nejr the equatorial 
plane (orbit inclination of 28 7* ) jt j rjdial distance of 212.630 
km Imp 8 is m a low •eccentricity earth orbit near the equa- 


torial plane with initial perigee and apogee radial distances of 
147,434 and 295.054 km. respectively, and an orbit inclination 
of 28 6V 

Each of the three satellites has a long dipole antenna for 
electric held measurements The Hawkeye I antenna is the 
shortest, measuring 42.45 m from tip to tip. The Imp 6 ar.d 
Imp 8 antennae are longer. 92.5 and 121 8 m from tip to tip. 
respectively. To determine the electric held intensity at various 
f r equcncies. the antenna signals are periodically analyzed with 
spectrum analyzers. The Imp 6 spectrum analyzer has 16 fre- 
quency bands with center frequencies from 36 Hz to 178 kHz 
For this experiment the filter bandwidlhs range from about 
± 10% of the center frequency at high frequencies to ±20% at 
low frequencies The electric held spectrum analyzers on board 
Hawkeye I and Imp 8 also have 16 narrow band frequency 
channels with center frequcncies from I 78 Hz to 178 kHz 
(± 10%) and 40 Hz to PM kHz ( ± 10%). respectively In addi- 
tion. Imp 8 has a tunable wide band receiver which measures 
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Fig. 2. The frequency of occurrence diagram of AKR at observed 
from the Imp 6 and Hawkeye I spacecraft at 56.2 k Hi as a function of 
MIT and magnetic latitude 


the electric field intensity at 2 MHz. 500 kHz. 125 kHz. or 31.1 
kHz with a bandwidth of * I kHz. The d>namic range of each 
of these instruments is about 100 dB The raw data from the 
spectrum analyzer channels arc transmitted as voltages which 
range from 0 to 5 V and are approximately proportional to the 
logarithm of the electric field intensity. 

In 6 months. Hawkeye I covers 24 hours of magnetic local 
time and provides observations over essentially the entire 
northern polar regions. Complete coverage of magnetic lati- 
tudes between -45° and 4*45° at all magnetic local times (out 
to 33 R t ) is accomplished by Imp 6 after I year in orbit. The 
magnetic latitudinal coverage of Imp 6 and Imp 8 is quite 
similar, but a larger bod) of data is now available from Imp 6 
Consequent!), observations from Imp 6 and Hawkeye I will be 
combined to determine the angular extent of AKR at 56.2, 
100. and 178 kHz in the northern hemisphere. Additional 
coverage by Imp 8 at 500 kHz is also presented to extend the 
analysis to higher frequencies. 

Cross Calibration of Hawkeye / 
and Imp 6 

Since data from two different satellites. Imp 6 ana Hawkeye 
I. are to be combined in a single frequency of occurrence 
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Fig 4 The frequency of occurrence diagram of AK R as observed 
from ihc Imp 6 and Hawke)e I spacecraft at I7H kHz as a function of 
MLT and magnetic latitude 

analysis, it is necessary to perform a cross calibration of the 
two instrument sensitivities to make certain that no systematic 
differences arc present in the calibrations. A convenient 
method of performing such a cross calibration is to compare 
simultaneous observations of a type III solar radio burst Type 
III bursts are radio emissions from superthcrmal electrons 
emitted by the sun during a flare | Lin. 1970). The use of the 
type III bursts to provide a cross calibration of Hawkeye 1 and 
Imp 6 is based on the assumption that the distance between the 
satellites is small compared to the distance the radiation has to 
travel from the source to the two satellites Both satellites are 
then subjected to the same power flux. 

Figure I shows a scries of simultaneous observations of type 
III solar radio bursts by Imp 6 and Hawkeye I at 56.2 and 100 
kHz on September 18. 1974. and at 178 kHz on September 17. 
1974 The signature of the type III burst at these frequencies 
can be recognized easily by the smooth rapid increase in signal 
strength to a maximum on a time scale of a few minutes 
followed by a gradual decrease to the receiver noise level on a 
time scale of several tens of minutes. Note the multiple type III 
event on September 17. 1974, in the 178-kHz channels. The 
large sporadic intensity fluctuations on either side of the mul- 
tiple type III events in Figure I are bursts of AKR Close 
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Fig ) The frequent* of occurrence diagram of AKR as observed 
from the Imp 6 and Hawkeye I spacecraft at 100 kHz as a function of 
Ml T and magnetic latitude 


Fig 5 The frequency of occurrence diagram of AK K as observed 
from the Imp X spacecraft at 500 kit/ at a function ol Mi l and 
magnetic latitude 
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Fig 6 The normalized percent age of occurrence of AKR in m.ig- 
nelic meridian sections between H and 12 hours and 20 and 24 hours 
MLT 

examination shows that both satellites arc receiving the same 
AKR bursts, as is evident by the closely correlated variation of 
the electric field strengths in the 178-kHz channels. 

The cross calibration graphs on the left of Figure I are 
obtained b> plotting the raw voltage output of the Hawkeye 
spectrum analyzer versus the raw voltage output of the Imp 6 
analyzer for these type III bursts Fach point is a measurement 
from both satellites taken at the same time and a! the same 
frequency during the slowly decreasing part of the type III 
radio burst. Only the peak intensities were used in these com- 
parisons to take into account any spin modulation effects 
From the straight line fits in each graph the relationship be- 
tween the output voltage from the receivers on Hawkeye I and 
Imp 6 can be found. In every case the slope of each straight 
line fit is one. confirming that the sensitivities of the receivers 
are identical. The absolute magnitudes of the intensities deter- 
mined from the preflight calibrations agree within 2 dB 

The Observed Angular Distribution 

Informa'ion on the angular distribution of AKR can be 
obtained by examining where the satellites have observed the 
highest frequmo of occurrence of radiation above a preset 
threshold A two-dimensional frequency of occurrence dia- 
gram of AKR can he constructed in magnetic latitude (A-,) 
and magnetic IocjI time (MLT) by using a I R * power flux 
threshold criterion to correct for the expected I R * radial 
variations of the power flux |see Gurnet l. I V4) Although the 
source is not locjtcd at the center of the earth, this radial 


variation corrects for the first-order radial dependence of the 
power flux, provided the source is located relatively close to 
the earth 

On the basis of a survey of 10 months of Hawkeye I data at 
178, 100. and 56.2 kHz and I) years of Imp 8 data at 500 kHz a 
power flux threshold was chosen 25 dB below the maximum 
power flux observed for each frequency. This threshold was a 
compromise resulting from the conflicting requirements to 
obtain enough data points above the threshold for good statis- 
tical accuracy, and at the same time assure that the threshold is 
well above the receiver noise for each spacecraft and for each 
frequency analyzed The thresholds selected are as follows. 

(500 kHz) threshold - (R t /R )» x (2.17 x 10 **)Wm 'Hz' 1 
(178 kHz) threshold - (*,/*)• X (7.35 X 10 l# )Wm f Hz 1 

(100 kHz) threshold - (R r /Rt X (7.32 X 10 ,# )W m *Hz 1 

(56.2 kHz) threshold - (*,/*)* X (2 59 X 10 W )W m 

Since the distance from the spacecraft to the source of AKR is 
not known during the initial reduction of data, the R value 
used in calculating the power flux threshold is the geocentric 
radial distance to the spacecraft To reduce the error caused by 
the uncertainty in the radial distance to the source and to 
avoid complications due to near-earth propagation effects, 
oniy measurements obtained at R > 7 R t are used in the 
analysis. If the source is near the earth {R < 3 R t ). then the 
margin of error in the radial distance correction of the thresh- 
old is a* most ±4 dB. which is small in comparison with the 
amplitude range ( ^ 100 dB) over which the intensity of AKR 
varies. 

The frequency of occurrence diagram determined from the 
frequency of occurrence analysis for 56 2 kHz is shown in 
Figure 2 The measurements used comprise 3 * years of Imp o 
data and 10 months of Hawkeye I data Blocks of 5* in- 
crements in A„ and 2-hour increments of MLT are jsed The 
magnetic coordinates of the spacecraft determine the block 
within wh:ch an observation is counted In each block the total 
number of 3-~.n observations of AKR above the threshold 
arc counted. This number is divided by the total number of 3- 
mm observations in that block to give the frequency of occur- 
rence The black shading in Figure 2 represents the highest 
percentage of times that AKR was detected above the power 
flux threshold The distinct emission cone (black shading) of 
AKR is clearly evident in Figure 2 in the northern hemisphere 
The emission cone appears to he completely filled and is sym- 
metric. centering around 22 hours MLT. indicating that the 
preferred direction of AKR is in the local evening, in agree- 
ment with direction finding measurements of the average 
source locations by Kurth tt at (1975) and Kaiser and Stone 
(1975). Near local midnight the latitudinal boundary of the 
emission cone extends to near the magnetic equator and is 
rather poorly defined, as n indicated by the complicated varia- 
tions of the frequency of occurrence in this region At high 
magnetic latitudes on the dayside of the earth (o-IO hours 
MLT) the frequency of occurrence of AKR changes by at least 
a factor of 4 at A* - 65* t 10* This rapid change in the 
frequency of occurrence indicates that a relatively stable 
boundary to the AKR angular distribution occurs on the 
davsidc of the earth 

The frequency of occurrence diagrams at 100 and 1 78 kHz, 
shown in Figures 3 and 4. respectively, were produced in the 
same manner as those of I igure 2 AKR is observed with 
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Fif.7. A north polar vie* of the latnudmal bounder) of the AK R emission cones at 1 78. 100. and <6 2 kH/ in magnetic 
coordinates The decreasing angular size of the emission region with decreasing frequency is clearly evideni 


almost equal frequency throughout the emission cones (black 
shading) at 100 kHz and 178 kHz. Similarities with Figure 2 
include (Da rapid change in the frequency of occurrence at 
high X m on the dayside of the earth. (2) a complicated poorly 
defined latitudinal boundary at low latitudes on the mghtside 
of the earth, and (3) symmetry about 22 hours MLT At higher 
frequencies (particularly 178 kHz) the emission cones extend 
closer to tht magnetic equator in the lo'al evening 

Figure 5 shows the frequency of occurrence of AK R at 500 
kHz from I) years of Imp 8 data Haw keye I ar.d Imp 6 do not 
have a 500-kHz channel, and consequently we are limited in 
latitudinal coverage to ±45* X m Figures 2. 3. 4. and 3 are 
consistent with the general picture that from <6 2 to 500 kHz 
the solid angle of the emission cones increases as the frequency 
increases At 500 kHz the northern and southern emission 
cones appear to overlap substantially in the region near local 
midnight 

To obtain a better impression of the latitudinal variation of 
the frequency of occurrence, we can normalize each of these 
frequency of occurrence diagrams The normalization is ac- 
complished by changing the scale of each frequency of occur- 
rence diagram to a scale that ranges from zero to one wh 
the maximum percentage of occurrence equals one Figure 6 
shows the normalized percentage of observed AKR lor the 
three frequencies 178. 100. and <6 2 kHz versus magnetic 


latitude. All observations on the dayside of the earth with 
M LT between 8 and 1 2 hours are on the left side of each panel 
The right side shows observations on the mghtside of the earth 
from 20 to 24 hours MLT The observations arc organized by 
mignetic latitude, the north magnetic pole being located di- 
rectly at the center of each plot Starting at the pole, the 
normalized occurrence decreases rapidly with decreasing lati- 
tude on the dayside of the earth, with a sharp boundary at 
about k m * 65° ± I0 # for all frequencies On the mghtside of 
the earth the normalized occurrci cc decreases less rapidly with 
decreasing latitude and has a nearly constant plateau from 
about +45* to -45* in the 56 2* and 100-kHz channels The 
178-kHz distribution extends closer to the equator than the 
100- and 56 2-kHz distribution The day-night skewness in the 
normalized occurrence of AKR evident in Figure 6 could he 
produced by an angular distribution that would be variable in 
time on the mghtside of the earth and spatially fixed in time on 
the dayside 

A north polar view of the angula* distribution of AKR can 
be constructed by noting the magnetic latitude of the norma- 
lized half-occurrence points at all MLT The boundaries ol the 
shaded areas in F igure 7 show the position of these normalized 
half-occurrence - 'ints in magnetic coordinates This illustra- 
tion shows that AKR is prelercntiullv beamed into larger solid 
angles at higher frequencies, approximately I I sr at <6 2 kHz 


s 


!p 



i 



1830 Green et At.: Ascliar Distrirition m Kiiometric Raoiaiion 

IMP 6. ORBIT 299 HAWKEYE I. ORBIT 28 
AUGUST I. 1974 

4 5 6 7 8 9 10 II 12 

4 

- 90 9 
80 ° 
70 ° 
60 * 
50 ° 
40 * 
30 ° 
20 ° 
10 ° 

UTMSM 5 6 7 8 9 10 M 12 „^ IIC " *. r “« ^ 

Fi, I Simultaneous observations from the Hawkeye I and Imp 6 spacecraft of AKR at widely separated magnetic 
latitudes In % case the intensity variations are closet) correlated, indicating that the radiation occurs simultaneously over 
a large solid *glc. In addition, the absolute power fluxes are approximate!) the same at both spacecraft. 
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1.8 sr at 100 kHz. and 3.5 sr at 178 kHz. On the assumption 
that the angular distribution at 500 kHz is completely filled in 
over the polar regions. Figure 5 shows that the solid angle at 
500 kHz is approximately 5.3 sr. in agreement with the general 
trend toward larger solid angles at higher frequencies. 

Simultaneous Observations at Widely 
Separated Locations 

Simultaneous observations from two satellites at widely sep- 
arated locations reveal many important characteristics of 
AKR that cannot be discerned with a single satellite. One of 
the most important questions which can be investigated is 
whether or not individual bursts of AKR simultaneously and 
uniformly illuminate the large solid angles depicted in Figure 7 
or whether these frequency of occurrence distributions could 
be the result of a much narrower instantaneous beam or cone 
which varies in time 

To illustrate. Figure 8 presents simultaneous electric held 
data from Imp 6 and Hawkeyc I for the same auroral kilo- 
metric storms. On the left side of this figure the corresponding 
frequencies from each satellite arc individually compared in 
plots of electric field intensity versus time It is easy to sec that 
both satellites are observing radiation originating from the 
same source On the right side the satellite trajectories are 
shown in MLT and coordinates for the corresponding time 
petiod Figure 8 illustrates that individual AKR bursts radiate 
into large solid angles and that the frequency of occurrence 
diagrams are not representations ol small solid angle beams of 
AKR that hjvc moved in time In addition, the absolute power 
fluxes of AKR observed by both satellites arc nearly identical 
(to within about 2 dB) This important observation indicates 
that the source of AKR uniformly illuminates the entire region 
within the emission cones 

Simuliuncous observations of electric field data from Imp 8 
and Hawkcve I can he used to investigate propagation cutoff 
characteristics of AKR In Figured, for instance. Imp 8 is near 


3 hours MLT at large radial distances and is observing intense 
storms of AKR during the entire time period shown. Hawkcye 
I also observes these intense storms of AKR but only in 
certain regions of its orbit. This is evidently a spatial effect and 
not a temporal effect, since Imp 8 still observes AKR when 
Hawkcye I is not detecting the radiation. 

The position of the plasmapause in Figure 9 has been identi- 
fied by the change in the low-frequency (17.8 Hz) electric field 
intensity and the plasmaspheric hiss cutofiT. similar to the 
observations of Sha* and Gurnett ( I975|. The identification of 
the upper hybrid resonance (UHR) noise in Figure 9 also 
provides an indication of the location of the plasmapause 
boundary As is evident in Figure 9. the position of the 
plasmapause at 1152 UT (universal time) closely corresponds 
to the abrupt drop in intensity of AKR as observed from 
Hawkcye I near local midnight 1 he times of the signal loss for 
the different frequencies (178. 100. and 56.2 kHz) arc not the 
same At higher frequencies the propagation cutofT tends to 
occur closer to the earth. This propagation cutolT character- 
istic of AKR at low altitudes on the mghtsidc has been pre- 
viously reported by Gurnett (1974) from Imp 6 data and is 
assumed to occur when the local electron plasma frequency 
exceeds the wave frequency Gurnvii (1974) notes that the 
propagation c M, offs of AKR arc consistent with the expected 
rapid increase in the plasma density, and hence plasma fre- 
quency. at the plasmapause These observations imply that the 
extent of the propagation of AKR on the mghtsidc is limited 
by the local plasma characteristics at the plasmapause. 

At 1403 UT in Figure 9. Hawkcye I again leaves the plasma- 
pause. bul it is now on the davside of the earth As the 
spacecraft travels upward in us traieciorv. the intensity of the 
AKR graduallv begins to increase over a distance of several 
earth radii and docs not exhibit a sharp propagation cutolT 
such as was observed on the mghtsidc of the earth Imp 8 
meanwhile observes ntanv large amplitude bursts of \KR at 
its position on the mghtsidc. confirming that \KR is present 
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Fig. 9 Simultaneous observations from Imp 8 and Hawkeye I. Imp 8 is at large radial distances on the nightside in the 
northern hemisphere observing intense bursts of AKR Meanwhile. Hawkeye I moves in and out of the emission cones of 
AKR as it passes through the inner regions of the earth's magnetosphere near the noon-midnight meridian As observed 
from Hawkeye 1. the plasmapause acts as an abrupt propagation cutoff to AKR only on the nightside Or, the day side, 
AKR docs not propagate down to the plasmapause The 17 K-Hz channel is used to determine the position of the 
plasmapause. 


during this period. The absence of an abrupt propagation 
cutoff indicates that the latitudinal boundary of the illumina- 
tion region on the dayside of the earth is not determined by the 
plasma characteristics near the plasmapause. in direct contrast 
with what is observed on the nightside. This asymmetry in the 
angular distribution in the noon-midnight meridian provides 
important information about the propagation of AKR at low 
altitudes (3-5 R r ). Any meaningful model of AKR ray paths 
must describe this effect. 

Comparison of Computed Ray Paths With 
Observed Angular Distributions 

Introduction 

From cold plasma theory it is known that the only modes 
which can escape into ‘free space* (where the magnetic field 
and plasmj density jre small compared to tf)c source region) 
are the right-hand polarized extraordinary (/M ) mode and 
the left-hand polarized ordinary (l.-O) mode Mechanisms 
which lead to radiation primarily in the Iclt-hand mode have 


been proposed by Benson [1975]. Palmadesso et al [1976], and 
Jones [1976] Right-hand polarized radiation will be produced 
by the generation mechanisms proposed by Scarf [1974], Gur - 
nett [1974], and Melrose [1976]. In addition. Barbosa [1976] 
suggests a process which produces both R-X and L-0 com- 
ponents. At the present time there is no direct experimental 
evidence on the polarization of AKR or the exact height at 
which the radiation is generated. 

Ray tracing calculations can be used in comparisons with 
the observed angular distributions to provide information on 
the polarization of AKR and on the region in which the 
radiation is generated It will be shown from such comparisons 
that the ray paths arc very sensitive to the source location and 
to the polarization. 

The Electron Density and Magnetic 
held Models 

In order for a valid comparison to he made the magneto- 
spheric models which arc used in the ray tracing must be 
acceptable representations of the physical environment that 
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\ ig 10 Two nuni cl magneuwphercs used in the rav tracing of 
XkR The mam difference between the models is the >i/c of the 
plasmapauMT Model I h.iv a n|j*mupausc / value of 4 b and represents 
the earth \ magnetosphere in times of moderate geomagnetiv activity 
Model II h.i\ a plasmapause / value of ' b for times of severe geomag- 
netic activitv Onlv the electron distributions m the northern hemi- 
sphere on the nightside are shown in this figure 


influences the radiation. The polar magnetosphere and 
plasmapause are known to he strongl> dependent on geomag- 
netic uctivit). AkR is observed most frequent!) during times 
of disturbed geomagnetic uctivit) [Puncktl el ol . 1970; Our- 
nen. 1974; \ iH>t\ el al, I976| Since the plasmapause position 
plays an important role in controlling the angular extent of the 
AkR on the nightside of the earth, it is important that a 
suitable model of the plasmapause position be used During 
moderate magnetic activity the plasmapause is located at 
about 4 5 geocentric radial distance in the equatorial plane 
near local evening [Carpenter, |9h3). At limes of severe mag- 
netic storms the plasmapause contracts inward to about 3.5 K, 
[Carpi'nter. I%3) The plasmapause is believed to be closely 
aligned along the magnetic field 

For these ray tracing studies, two models, shown in Figure 
10. have been used for the electron density near the plasma- 
pause For model I the plasmapause is located el / ■ 4.6. and 
for model II the plasmapause is at /. ■ 3.6 For both models 
the electron density is UK) cm * at the plasmapause. In all 
cases it is asst ned that the radio emission is generated along a 
magnetic tide, line which intersects the earth at 70° invariant 
latitude (/. » 8.55) Since the earth's magnetic field closely 
resembles a dipole field at the rclaloclv low altitudes where the 
AkR is believed to be generated, an ideal dipole field is used 
with a surface magnetic field strength of 0 62 Ci at the poles 
The electron density is assumed to decrease very rapidly with 
increasing radial distance over the polar regions, reaching a 
density of about 10 cm * at : K f (essentially the modified 

polar wind model used by iiurnttt ||974j) 

I xpcrimental justification tor some of the main features of 
the densitv contours in models I and II can be found in I igure 
9 The UMR noise band in I igure 9 has a frequency range that 
extends between the local plasma frequency and the local 
UHR frequency [Shaw and iiurneii. 1975). I rom the plasma- 
pause determined by the peak in the 17 8-H/ channel and the 
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fig 12 AdJiiion.it R- \ mode ray (racing examples in ihc model II magnetosphere at 500. 178. 100. and 5h 2 kH/ Inc 
source locations are the same as those used in f igure 1 1 Note the elTcct that a contracted plasmapause has on the angular 
extent of this radiation w hen this ligurc in compared to f igure 1 1 The contracted plasmapause allow \ the R- \ radiation to 
propagate to the equator al lower altitude while the davside distribution remains unchanged 


• rcqucncy range of the UHR noise the plasma frequency asso- 
ciated with the plasmapause is between 56.2 and 100 kH/ The 
plasmapause density of 100 cm 3 used in models I and II gives 
an electron plasma frequency of about 90 KM/, which is con- 
sistent with these observations. In f-igure 9 the position of the 
plasmapause on the davside is approximate!) 3 3 R f at \ m = 
18.6°. The plasmapause (100-em 3 density contour) in model 
II at \ m = 18 6 C is also 3.3 fi t . In Figure 9 on the ntghls'de the 


plasmapause is at approximately 3. 8? /(* it A*, 17. 8°. which 

is halfway between the model I and II plasmapause 

Program Description 

The ray tracing computer program used in this study was 
initially developed by Shawhan (I960. |9p7u. h]. The program 
is based on a closed set of lirst-order differential equations in 
spherical polar coordinates derived by J Haselgrove [1955] 



fig 13 Kadul variation of the K \ culolT frequency along the 7 0° invariant latitude magnetic field line in the model I 
or II magnetosphere The cross-hatching indicates the source region determined from matching the davside Ln iuulin.il 
cutoff of \KR to the R \ mode rav paths m the model I or II magnetosphere I he dot pattern indicates the R V mode 
source region determined from the mghtsidc latitudinal cutoff of \KK bv using the model II magnetosphere 
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Fig 14 Source regions in the midnight meridian (along a 70° invariant latitude field line) which produce rays of fre- 
quencies 178-56 2 kHz in the L-0 mode whose latitudinal cutoffs are consistent with the observed AKR angular distribu- 
tion The cross-hatching indicates the source region in model I or model II determined from only the dayside latitudinal 
cutoff of AKR The dot pattern indicates the source region in model II determined from only the mghtside latitudinal 
cutoff of AKR 


and C. G. Haselgroie and J Hasetgrove [I960], The equations 
were specialized by Shawhan [ 1 966) for ray tracing in a mag- 
netic meridian for a model magnetosphere. The expressions 
for the phase index of refraction and its derivatives are from 
the cold plasma formulation by Stix [ 1962). The behavior of a 
ray path is determined by the frequency of the wave, the initial 
wave normal angle, the initial latitude, the initial altitude, the 
propagation mode, and the magnctosphcric model. 

Rav Tracing Result % 

All ray tracing calculations and source locations presented 
here are in the noon-midnight meridian. Since the source of 
AKR at a particular frequency ‘subtends a small angular size' 
[ Gurnet t. 1974]. all rays at a particular frequency are assumed 
to emanate from a point source along a 70° invariant latitude 
field line The 70° invariant latitude field line is used to be 
consistent with observations of actual AKR source locations 
made by Alexander and Kaiser [1976). Each source location is 
assumed to emu electromagnetic radiation at all wave normal 
angles ^ For any given source location, two specific wave 
normal directions will give the most extreme dayside and 
mghtside latitudinal limits to the ray directions at large radial 
distances, all of the other wave normal angles giving inter- 
mediate ray directions. By varying the source latitude along 
the magnetic field line a unique altitude can be found for each 
frequency which will give a limiting ray direction in agreement 
with the observed dayside (or mghtside) latitudinal limit. By 
performing this analysis as a function of frequency a unique 
determination can be obtained for the source altitude as a 
function of frequency w hich can be compared w ith the various 
theories for AKR generation 

To demonstrate some of the basic ray path effects involved 
in this analysis. Figure 1 1 shows R-X mode rays calculated in 
the model I magnetosphere (piasmapausc /. value of 4 6) for 
various selected wave normal angles The wave normal angles 
shown include those which give the most extreme dayside and 
mghtside latitudinal limits to the rav paths, as well as other 
iuvs at intermediate wave normal angles The dayside latitu- 


dinal limits are in good agreement with what is qualitatively 
observed: the higher the frequency, the lower the magnetic 
latitude at which the radiation can be observed. Rays on the 
mghtside penetrate the topside plasmapause to depths qual- 
itatively consistent with those in Figure 9. These ray paths 
show that the plasmapause presents a refracting layer The ray 
behavior ( R-X mode) in the model II magnetosphere (plasma- 
pause L value of 3.6) for the same source region is illustrated 
in Figure 12. The latitudinal extent of the dayside rays is the 
same as that for Figure 1 1. which shows that the dayside rays 
arc relatively unaffected by the plasmapause. The substantial 
change in the angular distribution on the mghtside demon- 
strates that the position of the plasmapause for this assumed 
source region strongly determines the latitudinal extent of the 
ray paths on the mghtside of the earth. The smaller plasma- 
pause has allowed the rays to propagate down to the equa- 
torial plane on the nighlside. 

The assumed radial variation or the frequency of the R-X 
cutoff ( R = 0) along a 70° invariant latitude field line in the 
model magnetospheres is illustrated in Figure 13. The R - 0 
cutoff is the same for both plasma models because the size of 
the plasmasphcrc is not thought to affect the electron densities 
significantly at high latitudes. By adjusting the source altitude 
so that the limiting ray angles agree with the observed latitu- 
dinal limits of the angular distribution (within specified limits) 
a range of source altitudes can be found which would produce 
the observed angular distribution at each frequency. For in- 
stance, the crosshatched region in Figure 13 shows the rela- 
tionshtp found between source altitudes and frequencies w hicFi 
would result in dayside R-X rays whose latitudinal limit at 
large radial distance agreed (to within ±5°) with the observed 
angular distributions on the dayside of the earth On the 
dayside the source region is essentially identical for models I 
and II because of the previously mentioned insensitivity to the 
plasmapause location in this region On the mghtside of the 
earth the corresponding source region required to obtain 
agreement with the nighttime angular distribution is indicated 
by the dot pattern in Figure 13. This source region wasealeu- 
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Fig 15 L-0 mode ray paths in the model II magnetosphere at 1 78 kHz. The top panel has a source location that lies 

within the cross-hatched region of Figure 14 and thus produces rays on the dayside whose latitudinal cutofTs are consistent 
with the observed angular distribution of AKR The bottom panel has a source location from the dotted region of Figure 
14 and produces ra>s on the mghtsidc whose latitudinal cutoffs are consistent with the mphtsidc extent of AKR at this fre- 
quency Note that the dayside rays from such a source extend almost down to the dayside plasmapause Angular distribu- 
tions of this type are never observed on the dayside of the earth 


latcd by using model II and is slightly different for model I (not 
shown) because of the dependence on the size of the mghtsidc 
plasmapause. 

The L-0 mode radiation can propagate only in regions 
where the wave frequency is greater than the electron plasma 
frequency f„. Since the electron plasma frequency is less than 
the R * 0 cutoff frequency in the frequency range where the 
AKR is observed. L-0 mode radiation must be generated 
closer to the earth than the. R-X mode to produce the same 
angular distribution. The ray tracing results for the L-0 mode 
are summarized in Figure 14. which shows the computed 
source regions and their relationship to the electron plasma 
frequency The crosshatched region again shows the source 
altitudes that produce L-0 rays consistent with the observed 
dayside latitudinal limits of the AKR anguljr distribution. 
The dot pattern shows the corresponding source altitudes 
which produce L-0 rays consistent with the observed mghtsidc 
latitudinal limits The source regions which account for the 
djyside and mghtsidc angular distributions in Figure 14 arc 
seen to be much further apart than the corresponding regions 
for the R-\ rays in Figure 13. The i»ripm of the inconsistency 
in the angular distribution of the dayside and mghtsidc L-0 
rays i> illustrated in the top panel of Figure 15 Source posi- 


tions which give good agreement with the observed dayside 
latitudinal limits are shielded by the topside of the plasma- 
pause on the nightside and never reach the equator at the low 
latitudes observer on the mghtsidc of the earth If the altitude 
of the source is moved up. as in the bottom panel of Figure 15. 
to account for the nightside observations, the rays penetrate to 
much lower latitudes than they do on the dayside of the earth. 

Summary and Discussion 

This study has shown that the intense kilomctric radio emis- 
sions generated over the mghtsidc auroral regions arc beamed 
into a cone-shaped region whose axis of symmetry is lilted 
away from the magnetic axis of the earth, toward local eve- 
ning. by about 20° The solid angle of this emission cone 
increases systematically with increasing frequency, varying 
from approximately I I sr at 56 2 kHz to approximately 3 5 sr 
at 178 kHz Simultaneous measurements from two satellites 
show .i pood correlation between the rjdio emission intensities 
observed over a wide range of angular separations within the 
emission cone, indicating that the kilomctric radiation source 
simulLineouslv illuminates the entire region within the emis- 
sion cone w ith comparable intensities A clear day -night asy m- 
metry is observed in the propagation cutoffs at the piasma* 
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Kig 15 L-O mode ray paths in the model II magnetosphere at 1 78 KHz. The top panel has a source location that lies 
within the cross-hatched region of Figure 14 and thus produces rays on the dayside whose latitudinal cutoffs are consistent 
with the observed angular distribution of AKR The bottom panel has a source location from the dotted region of Figure 
14 and produces rays on the mghtside whose latitudinal cutoffs are consistent with the mghtside extent of AKR at this fre- 
quency Note that the dayside rays from such a source extend almost down to the dayside plasmapause Angular distribu- 
tions of this type are never observed on the dayside of the earth 


laled by using model II and is slightly different for model I (not 
shown) because of the dependence on the size of the mghtside 
plasmapause. 

The L-0 mode radiation can propagate only in regions 
where the wave frequency is greater than the electron plasma 
frequency / p Since the electron plasma frequency is less than 
the R * 0 cutoff frequency in the frequency range where the 
AKR is observed. L-0 mode radiation must be generated 
closer to the earth than the. R-X mode to produce the same 
angular distribution The ray tracing results for the L-0 mode 
are summarized in Figure 14 which shows the computed 
source regions and their relationship to the electron plasma 
frequency The crosshatchcd region again shows the source 
altitudes that produce L-0 rays consistent with the observed 
dayside latitudinal limits of the AKR angular distribution 
The dot pattern shows the corresponding source altitudes 
which produce L-0 rays consistent with the observed mghtside 
latitudinal limits The source regions which account for the 
dayside and mghtside angular distributions jn Figure 14 are 
seen to be much further apart than the corresponding regions 
for the R \ rays in I igurc 13 The origin of the inconsistency 
in the angular distribution of the dayside and mghtside L-0 
ravs is illustrated in the top panel of Figure 15 Source posi- 


tions which give good agreement with the observed dayside 
latitudinal limits are shielded by the topside of the plasma- 
pause on the mghtside and never reach the equator at the low 
latitudes observed on the mghtside of the earth II the altitude 
of the source is moved up. as in the bottom panel of Figure 15. 
to account for the mghtside observations, the rays penetrate to 
much lower latitudes than they do on the dayside of the earth 

Summary and Discission 

This study has show n that the intense kilomctric radio emis- 
sions generated over the mghtside auroral regions arc beamed 
into a cone-shaped region whose axis of symmetry is tilted 
away from the magnetic axis of the earth, toward local eve- 
ning. by about 20® The solid angle of this emission cone 
increases systematically with increasing Ircqucncy. varying 
from approximately I I sr at 56.2 K H/ to approximately 3.5 sr 
at 178 KM/ Simultaneous measurements from two satellites 
show a good correlation between the radio emission intensities 
observed over a wide range of angular separations within the 
emission cone, indicating that the kilomctric radiation source 
stmultancouslv illuminates the entire region within the emis- 
sion cone w ith comparable intensities A clear day -night asy m- 
metry is observed in the propagation cutofls at the plasma- 
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Fig. 16 Source locations (dashed lines) for three proposed R-X mode generation mechanisms as a function of emis- 
sion frequency, shown in comparison to the AKR source regions determined from ray tracing calculations. Electromagnetic 
waves generated at 3/,/ 2 [Scarf. 1974; Gurnet! , 1974) would originate from a region which produced an angular distribu- 
tion qualitatively consistent with that observed for AKR. Radiation at l.2/ c [Melrose. 1976] and 2f VHn [Barbosa. 1976) 
would not produce a consistent angular distribution. 
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pause, with sharp cutoffs on the nightside of the earth and no 
corresponding cutofT on the daysidc. 

In an attempt to understand the essential features of the 
angular distribution of the AKR a detailed study of ray paths 
was performed for various source positions along a magnetic 
field line at 70° invariant latitude. Two magnctospheric den- 
sity models were used which reflected the range of plasma- 
pause locations encountered during moderate!) disturbed and 
disturbed magnetic conditions. By adjusting the altitude of the 
source to agree with the observed latitudinal cutoffs of the 
emission cone on the dayside and uightsidc of the earth a range 
of source positions were obtained as a function of frequency. 
These calculations were performed for both the R-X and the 
L-0 mode of propagation. 

In interpreting these ray tracing results it is essential that the 
uncertainties and limitations of the ray tracing analysis be 
carefully examined Three main areas of uncertainty can be 
iJjntificd: (I) the spatial distribution of the source, (2) the 
distribution of initial wave normal angles, and (3) the plasma 
density models. For the ray tracing results presented we have 
assumed that the source is a point source at each frequency. 
Although height variations of the source have been consid- 
ered. no attempt has been made to consider a spatially ex- 
tended source in \1LT and latitude. The assumption of a point 
source is primarily due to the lack cf adequate information on 
the actual spatial extent of the source in local time and lati- 
tude. Conceptually, one can visualize the angular distribution 
from a spatially extended source by superposing the ray paths 
from an equivalent distribution of point sources. Even though 
very extreme source locations have been observed in some 
situations (at radial distances greater than 7 R, and in the 
polar cusp on the dayside of the earth), these extreme cases are 
believed to occur so infrequently that they do not make a 
significant contribution to the long-term average results pres- 
ented in this study From our previous dircctrbn finding stud- 
ies [Kun/i el al 1975) and from those of Kaiser and Slone 
(1975) it is clear that the dominant component of the high- 
intensity (^2 x 10 *• W m 1 Hz ' al 30 R t ) kilometric radi- 


ation comes from the nightside auroral regions. The fact that 
the ray tracing calculations for the R-X mode fit the average 
features of the angular distribution is considered further con- 
firmation that the source is relatively small and that the aver- 
age position is on the nightside relatively close (2.25-3.5 Rg) to 
the earth. 

The ray tracing results presented have assumed that the 
radiation is generated over a wide range of wave normal 
angles. This assumption is justified mainly by the fact that the 
radiation appears to be almost uniformly distributed through- 
out the emission cone. If the radiation were generated within a 
narrow range of wave normal angles, then the angular distri- 
bution should be sharply peaked at a well-defined angle with 
respect to the local magnetic field, such as it is for the decamet- 
ric radiation generated by Jupiter’s moon lo. Even when the 
possible smearing effect caused by a spatially extended source 
is taken into consideration, it seems unlikely that the near- 
uniformity of the illumination throughout the emission cone 
can be explained if the wave normal direction is sharply lim- 
ited *o a narrow range of angles. This conclusion is confirmed 
by the ray tracing calculations of Jones and Grard (1976), who 
assumed that the wave normal directions are either parallel or 
perpendicular (within 10°) to the magnetic field. Their calcu- 
lations give quite different limiting ray paths from our results 
and do not appear to be in good agreement with the observed 
angular distributions. Since virtually all theories of the terres- 
trial kilometric and Jovian decametric radiation lead to a 
preferred wave normal direction for the emitted radiation, 
these conclusions may appear to conflict with the theoretical 
expectations. However, this difficulty could be explained if 
there is a substantial amount of scattering in the source region 
which could act to spread the angular distribution of the 
emitted radiation. The presence of such scattering would be 
entirely consistent with the large density fluctuations typically 
observed in the auroral electron precipitation at high altitudes 

Probably the primary uncertainty in the ray tracing com- 
parisor s w ith the observed angular distributions is the electron 
density models used in these calculations Although the den- 
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sity models used are believed to be reasonably representative 
on the basis of certain general considerations, such as match- 
ing the observed ionospheric densities and scale heights at low 
altitudes and the low densities (< I cm *) at large distances in 
the magnetotail, there ure essentially no adequate density mea- 
surements at intermediate radial distances (from about 2 to 10 
Rt) over the polar regions to confirm these models. The effect 
of errors in the density model on the ray tracing results is quite 
different for the two modes of propagation. In the region of 
primary interest from about 2 0 to 3.5 R f one can be reason- 
ably confident that the plasma frequency is substantially les* 
than the electron gyrofrequcncy Under these 

conditions the index of refraction for the R-X mode (and the R 
” 0 cutoff, as in Figure 13) is mainly determined by the 
magnetic field strength and is relatively independent of the 
plasma density The ray paths for the R-X mode arc therefore 
relatively insensitive to changes in the plasma density model. 
For the L-0 mode of propagation, however, the propagation 
cutoff occurs at the local plasma frequency, and the ray paths 
and source altitudes are very sensitive to changes in the plasma 
density. Even small horizontal gradients, which change the 
slope of the constant density contours, cause marked changes 
in the angle of reflection and the angular distribution at large 
radial distances. Indirectly, the sensitivity of the L-0 mode to 
horizontal gradients in the plasma density, which must almost 
certainly occur near the auroral field lines, provides additional 
evidence that the AK R is not propagating in the L-0 mode As 
was mentioned earlier, the dayside latitudinal cutoff at \ m - 
65° ± 10° is very sharp and consistent. Considering the prob- 
able variability of the horizontal gradients in the plasma den- 
sity near the reflection point, it is hard to sec how this dayside 
cutoff can be so stable and consistent if the radiation is emitted 
in the L-0 mode. In contrast, the magnetic control of the R-X 
mode provides a relatively stable reflecting surface (at the R = 
0 cutoff) which would result in a nearly constant limning ray 
path at a given frequency, independent of the electron density 
variations near the reflecting region 

From these ray tracing considerations it is our conclusion 
that the R-X mode provides the best and most consistent 
agreement w ith the observed angular distribution of the AK R 
Because of the many uncertainties involved in the detailed ray 
tracing models and the mechanism by which this radiation is 
gcnc.atcd it is obvious that this conclusion cannot be consid- 
ered firm. Direct measurements of the polarization or other 
techniques arc needed to provide the final determination of the 
polarization However, it is of interest to note that the Jovian 
decametric radiation, which is generally thought to be equiva- 
lent to the intense terrestrial kilometric radiation, has been 
determined by Warwick and Dulk [1963) to be emitted in the 
R-X mode, in agreement with the conclusions of this study. 

The limitations placed on the source regions of AKR which 
arc illustrated in Figures 13 and 14 can be used to test the 
validity of proposed emission mechanisms Since the ray trac- 
ing calculations favor (he generation of AKR in the R-X 
mode, we will consider only those mechanisms proposed by 
ScarJ [I974|. Gurnetl (1974). Melrose (1976). and Barbosa 
(1976) Scarf [1974) and Gurnet / [1974) proposed that plan- 
etary emissions such as AKR may be produced from elec- 
trostatic plasma instabilities (set up by precipitating electrons) 
that couple into electromagnetic waves at 3f, 2 As is shown in 
Figure 16. electromagnetic waves at 3 f« 2 would originate 
from a region wf ich produced an angular distribution qual- 
itatively consistent with that observed for AKR Another 
mechanism which is gyro related was proposed by Melrose In 


his theory. R-X cyclotron radiation from precipitating elec- 
trons is Doppler-shifted upward in frequency, above the R * 0 
cutoff, so that the radiation can escape. For an energy of 10 
keV. typical of the auroral electron precipitation, the Doppler 
shift is about 20%. which would produce radiation at / - 
1.2//. The source region for the Doppler-shifted cyclotron 
radiation mechanism would then correspond to frequencies of 
about l.2/ c * along a 70° invariant latitude field line. As is 
illustrated in Figure 16, radiation at / * 1.2// would originate 
from a region below the region determined by our ray tracing 
analysis. Electron energies of at least 50 keV are needed to 
produce Doppler shifts sufficiently large to be in agreement 
with the observed angular distribution. Although electrons 
with energies greater than 50 keV are occasionally observed in 
the auroral electron precipitation, these electrons do not con- 
stitute a very large fraction of av ailable energy and would not 
be expected to play a significant role in the generation of the 
intense AKR. Barbosa's (1976) mechanism produces R-X radi- 
ation near twice the UHR frequency (2 /i mh). Radiation at 
2/t hh originates from a region at larger radial distances than 
those indicated by the dot pattern of Figure 16 Much larger 
emission cones than those observed for AKR would resjlt 
from R-X mode radiation of 2/, mn in the model magneto- 
spheres presented in this study. 

Conclusions 

Analysis of spacecraft data from Hawkeyc I. Imp 6. and 
Imp 8 has led to the following conclusions concerning the 
propagation characteristics of AKR 

1. AKR in the northern hemisphere is beamed into a cone- 
shaped region whose solid angle increases with increasing fre- 
quency. varying from approximately I I sr at 56.2 kHz to 
approximately 3.5 sr at 178 kHz. 

2. There is simultaneous illumination w ith nearly constant 
intensities over the entire solid angle 

3. The symmetry axis of the emission cone is tilted toward 
local evening by about 20° with respect to the magnetic axis of 
the earth. 

4 There is a dav-night asymmetry in the topside plasma- 
pause cutoffs, with sharp cutoffs on the mghtside of the earth 
and no corresponding cutoff on the dayside 

Ray tracing calculation for the escaping modes R-X and L- 
O using two magnetospheric density models leads to the fol- 
lowing conclusions. 

5. Variability in the size of the mghtside plasmapausc can 
account for the mghtside variability in the angular distribution 
of AKR. as is suggested b> Figures 2. 3. 4. and 5 

6 Ra>s in cither of the R-X or L-0 modes exhibit the day- 
night asymmjtry in the topside plasmapause cutoffs 

7. The angular distribution of AKR can best be repro- 
duced from low* altitude source regions (from 2 to 3 5 R f ) in 
the nighttime auroral zone if the emission is in the R-X mode 

4ck wwledgments The research at the Universitv of Iowa was 
supported b> the National Aeronautics and Space Administration 
through grants NGL- 16-001-002 and NGl * IN-001 -043. contracts 
NASI- 1 1257 jnd NAS I - 1 3 1 29 with L angle) Research ( enter, and 
contracts NAS5-II074 and NAS5-II4JI with Goddard Space I light 
center b\ the Olfice of Naval Research, and h\ the Atmospheric 
Sciences Section of the National Science Eoundaiion 

The Editor thanks J K Alexander and W Bernstein for their 
assistance in evaluating this paper 

Rem rlnces 

Ackerson N l . and L A rrank. Correlated satellite measurements 

of low-cnergs electron precipitation and ground-hased observations 


I 

J 




\m 


Guhn m ai Asolar Dim ribi tins oi Kiiomitku Radiation 


of a visible auroral arc. J Geophvs. Re s , 77. 1 128. 1972 

Alexander. J k . and M I Kaiser. Terrestrial kilomctric radiation. I. 
Spatial structure studies. J Geophss Res . 81, 5948. 1976. 

Barbosa. D I) , Electrostatic mode coupling at 2w ( M : A generation 
mechanism for auroral kilomctric radiation. Ph D dissertation. 
Dep of Ph\s.. Unix. of Calif.. Los Angeles. 1976. 

Benson. R F . Source mechanism for terrestrial kilomctric radiation. 
Geophv l. Res Lett . :. 52. 1975 

Carpenter. D. L . W histler evidence of a ’knee’ in the magnetospheric 
ioni/aiion density profile. J Geophvs Res . 68, 1675. 1963. 

Dunckel. N.. B. Ficklin. L Rordcn. and R. A. Hclliwell. Low-fre- 
quency noise observed in the distam magnetosphere with Ogo I. 
J. Geophvs Res 75. 1854. 1970. 

Gurnett. I) A.. The earth as a radio source: Terrestrial kilometric 
radiation. J Geophss Res . ?v. 4227. 1974. 

Gurnett. D A . The earth as a radio source The nontb*rrma! contin- 
uum. J Geophvs. Rrs . 80. 2751. 1975. 

Haselgroxe. C G.. and J Hasclgroxe. Twisted ray paths in the iono- 
sphere. Pros Rov StH • London. 7.5. 357. I960. 

Haselgroxe. J.. Ray theory and a new method for ra> tracing. Report 
of Conference on the Physics of the Ionosphere, p. 355. Phys. Soc., 
London. 1955 

Jones. D . Mode-coupling of r-mode waxes as a source of terrestrial 
kilometric and Joxian decametric radiation, submitted to Astron. 
Astrophys . 1976 

Jones. D.. and R J. L. Grard. Propagation characteristics of electro- 
magnetic waxes in the magnetosphere, in Vie Sneniihc Satellite 
Programme During the Magnetospheric Study, edited by K Knott 
and B Battrick. p 293. D Rcidel. Dordrecht. Netherlands. 1976 

Kaiser. M. L .andJ. F.. Alexander. Source measurements of terrestrial 
kiiometric radiation obtained from lunar orbit. Geophvs. Res. Lett., 
J. 37. 1976. 

Kaiser. M. L . and R G. Stone. Earth as an intense planetary radio 
source Similarities to Jupiter and Saturn. Science. 189, 285. 1975. 


Kurth. W. S . M M Baumhack. and D A Gurnett. Direction finding 
measurements of auroral kilometric radiation. J Geophss Res., 811. 
2764. 1975. 

Lin. R P . The emission and propagation of ^40 kcV solar Hare 
electrons. Solar Phys . 12, 266. 1970 

Melrose. D B . An interpretation of Jupiter's decametric radiation 
and the terrestrial kilometric radiation as direct amplified gyro- 
emission. Astroph vs. J . 207, 651. 1976. 

Palmadesso. P.. T P CofTey. S. L. Ossakow. and K Papadopoulos. 
Generation of terrestrial kilometric radiation by a beam-driven 
electromagnetic instability. / Geophvs Res . 81, 1762. 1976. 

Scarf. F. L.. A new model for the high-frequency decametric radiation 
from Jupiter. J Geophss Res . 79. 3835. 1974. 

Shaw. R. R and D A. Gurnett. Electrostatic noise bands associated 
with the electron gyrofrequency and plasma frequency in the outer 
magnetosphere, J. Geoplns Res .. 80. 4259. 1975. 

Shawhan. S D . VLF ray tracing in a model ionosphere. Res. Rep 66- 
S3. Dep. of Phys and Astron . Umv of Iowa. Iowa City. 1966 

Shawhan. S. D.. A computer program for VLF ray tracing in a model 
ionosphere. Res Rep 67-12. Dep of Phys. and Astron.. Unix, of 
Iowa. Iowa City. 1967 a 

Shawhan. S D.. Behavior of VLF ray paths in the ionosphere. Res 
Rep 67-2 5. Dep of Phys. and Astron.. Univ. of Iowa. Iowa City. 
19676. 

Slix. T H.. The Theory oj Plasma Wave: s. McGraw-Hill. New York. 
1962 

Voots. G.. D A. Gurnett. and S -l. Akasofu. Auroral kilometric 
radiation as an indicator of auroral magnetic disturbances, sub- 
mitted to J Geophvs Res . 1976. 

Warwick. J W . and G A. Dulk. Faraday rotation on decametric 
radio emissions from Jupiter. Science. 145. 380. 1963 

(Received September 13. 1976; 
accepted January 27. 1977 ) 


VOL. 82. NO. 16 


JOURNAL OF GEOPHYSICAL RESEARCH 


JUNE I. 1977 


Auroral Kilometric Radiation as an Indicator 
of Auroral Magnetic Disturbances 


G. R. Voots AND D. A. Gurnett 

Department of Physics and Astronomy, University of Iowa, Iowa City, Iowa 52242 


S.-l. Akasofu 

Geophysical Institute, University of Alaska. College. Alaska 99701 


rr. 


Satellite low-frequency radio measurements have shown that an intense radio emission from the earth's 
auroral regions called auroral kilometric radiation is closely associated with auroral and magnetic 
disturbances. In this paper we present a detailed investigation of this relationship, using the auroral 
electrojet {AE) index as an indicator of auroral magnetic disturbances and radio measurements from the 
Imp 6 spacecraft. This study indicates that the mean power flux of the 178-kH/ radiation tends to be 
proportional to M£)‘ * for AE > 100 y and. with less certainty, to for AE < 100 y. The correlation 
coefficient between log AE and the logarithm of the power flux is 0.5 14. Occasionally, a kilometric 
radiation event is detected which is not detected by the ground magnetometer stations, even though an 
auroral substorm is in progress. This study shows that the remote detection of kilometric radio emissions 
from the earth can be used as a reasonably reliable indicator of auroral substorm activity. 


Introduction 

In the past several years, low-frequency radio measurements 
have shown that the earth's magnetosphere is a very intense 
radio emitter, having characteristics very similar to those of 
other astronomical radio sources, such as Jupiter and Saturn 
[Kaiser and Stone. 1975). From the very earliest measurements 
by Benediktov et al. [1968] and Dunckel et al. [1970] it was 
discovered that intense radio emissions in the several hundred 
kHz frequency range were closely associated with magnetic 
disturbances in the high-latitude auroral regions of the earth. 
Later studies by Gurnett [1974] showed that these radio emis- 
sions are closely associated with the occurrence of auroral arcs 
on the nightside of the earth. Direction-finding measurements 
and the angular distribution of the emitted radiation [Gurnett, 
1974; Green et al., 1977] indicate that the intense (up to 10* W 
of total radiated power) radiation is generated at relatively low 
altitudes (^3-/? £ radial distance) over night and evening au- 
roral regions. The radiation is presumably produced by the 
same intense fluxes of several keV electrons which cause the 
aurora and the currents responsible for the magnetic distur- 
bances. Because of the close association with auroral phenom- 
ena and the wavelengths in the kilometer range these radio 
emissions have been called auroral kilometric radiation 
(AKR) [Kurth et al.. 1975). 

Although auroral kilometric radiation is known to be asso- 
ciated with high-latitude magnetic disturbances, little has been 
done to study this relationship in detail. It is of interest to 
determine just how good the correlation is and whether there 
are any exceptions to the observed relationship. The relation- 
ship of the radio emission intensity to the currents flowing 
through the auroral zone may. for example, be helpful in 
developing a better understanding of how the auroral kilo- 
metric radiation is generated. Furthermore, since radio emis- 
sions from the entire auroral zone can be easily monitored by a 
single spacecraft, there is the question of whether the auroral 
kilometre* r. dution intensity uo.ild pru\i*(e. «' i j m*v ' rtvl 
lime basis, a parameter whuh is comparable to tnc auroral 
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electrojet index AE without the need for a large array of 
ground stations with the attendant problems of information 
retrieval and processing. In this paper we present a detailed 
study of the relationship between the auroral kilometric radi- 
ation intensities observed by the Imp 6 spacecraft and the AE 
index computed from a scries of high-latitude magnetometer 
stations. A description of the Imp 6 plasma and radio wave 
experiment is given by Gurnett [1974]. 

Qualm ative Comparison of Some Tyhcal Events 

Figure I shows the radio emission intensities detected by the 
Imp 6 spacecraft at 178 kHz and the corresponding variations 
in the auroral electrojet index AE for four 24-hour periods 
selected to illustrate the relationships typically observed be- 
tween these two parameters. Since Imp 6 is in a highly eccen- 
tric orbit with an apogee radial distance of 33 R e , this space- 
craft provides observations for long periods far from the earth 
where the auroral kilometric radiation intensities can be mon- 
itored neaHv continuously without interruption. All of the 
enhanced radio emission intensities in Figure I are attributed 
to auroral kilometric radiation. The magnetic latitude, local 
time, and radial distance coo* Jinates of Imp 6 are shown at the 
bottom of each panel. 

The data in Figure I show the general type of correlation 
which is typically observed between the auroral kilometric 
radiation and auroral magnetic disturbances. Essentially every 
period of substantial magnetic activity, indicative of an au- 
roral substorm, can be associated with a distinct period of 
enhanced auroral kilometric radiation intensity. Even during 
relatively quiet days, such as December 27. 1972. small mag- 
netic disturbances are associated with an enhancement in the 
radio emission at 178 kHz. 

Although the magnetic disturbances associated with an indi- 
vidual magnetic substorm usually have a close correspondence 
to a period of enhanced radio emission, the detailed short time 

s*. ! • \ l h * » i m * . v* ' »»; U f, i •!* • h . i* i w !• ’*c 

u»ocution tiiin \ ai id i -u.> ..i tttC .tL itidw \ i he unswi time oi 

the radio emission at the start of a magnetic substorm is 
sometimes significantly delayed with respect to the onset time 
of the magnetic disturbance For example, delays of this type 
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Fig I. Simultaneous measurements of the auroral kilometric radiation intensity at 178 kHf b> the Imp 6 satellite and 
the auroral electrojct mdes At for j selection of da>s in which a close correlation is observed The coordinates of Imp 6 are 
shown at the bottom of each panel 


can be seen at about 0200 and 0600 UT on December 16. 1972, 
and at 1330 UT on January 25. 1973 
Occasionally, events can be found in which a large magnetic 
disturbance is dearly evident in the At inde* but for which no 
corresponding radio emission is detectable and vice versa 
Events of each of these types are show n in F ipurc 2 The esent 
on M..rJi 'I. I 1 )**, at the t»'P *' ? * *«•* 2 ’! ,r . V- a case in 
which a large magnetic dMufK* ... \i. / I* *»- IS n • ) oi* 
curs with only a negligible enhancement in the radio emission. 
This type of event, consisting of a large magnetic disturbance 
characteristic of j substorm with onlv a small or undetectable 


increase in the radio intensity, occurs most frequently when 
the spacecraft is on the dayside of the earth The absence of a 
detectable radio emission in most of these cases is thought to 
be caused by a propagation cutoff effect which prevents the 
radiation generated in the nighttime auroral regions from 
being detected at low latitude** on the davside of the earth This 

nr* n -’.ilion *i*totT * . i-tr.iicJ 4 e and of 

I igurc 3. Irom ijn\n »/ ui ""]. "1;.*.. *ncws tuc ; requeue,, 
of occurrence of auroral kilometric radiation at T8 kll/ as a 
function of magnetic latitude and magnetic local time. This 
frequency of occurrence distribution, which is analyzed in 
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greater detail h> Green ei al (1977). shows that a distinct 
latitudinal cutofT occurs, below which the radiation ii much 
lei* frcquentl) detected The magnetic latitude of this cutofT 
varies from about 60° on the day side of the earth to about 20* 
on the mghtside of the earth. The cutofT is not sharp but occurs 
over a transition region about 20* wide in latitude This cutofT 
efTect is almost certainly caused by refraction cfTects in the 
ionosphere which cause the radiation to be beamed into a 
conical-shaped region, with a half angle of about 60*. directed 
upward from the nighttime auroral region Comparison of the 
magnetic latitude and local time ( 14 7* and 12.4 hours LT) of 
Imp 6 during the intense magnetic disturbance on March 31, 
1973, in Figure 2 with the frequency of occurrence contours in 
Figure 3 shows that no radio emission should be detected 
during this event. The top panel of Figure 3 shows the approxi- 
mate boundaries of the northern and southern illumination 
regions within which the auroral kilomctric radiation at 178 
kH/ can be detected essentially free of propagation cfTects. It 
should be noted that the boundaries of the illumination region 
are frequency dependent [Green et al., 1977), so that even 


though the radiation cannot be detected at 178 kH/. it is still 
possible that the radiation could be detected at higher frequen- 
cies. EfTccts of this type may account for some of the local time 
variation* of the emission frequency icportcd by Kaiser and 
Alexander (1976). If all of the data are examined when the 
spacecraft is in the northern illumination region (about 40 
days of data), no large ^4£ index enhancements arc evident 
unless a corresponding enhancement in AKR also occurs at 
some time during the event. There may be periods during an 
event when the At index is high and the AKR values are low. 
but at some time during the event the A K R is also enhanced. 

Events for which enhanced auroral kilomctric radiation in- 
tensities occur with no clear enhancement in the At index are 
no: uncommon. In most cases some minor disturbances can be 
identified in the At index for an enhanced radiation intensity, 
although they are far from typical in indicating the occurrence 
of substorms. Almost complete breakdown of the correlation 
occurs, however, very infrequently. Of a total of 146 days 
which have been examined, two substorm events of this type 
have been clearly identified We suggest that the lack of corre- 
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I if 2 Two day* selected to illOvtrjte cjvc* in which no correlation i* evident between ihc rjdio emiwion jnd ihc it 
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lalion in these cases results from the distribution of ground 
magnetometer stations being insufficient!) dense It* detect all 
the magnetic substorms which occur, in particular, small iso- 
lated disturbances at vers high magnetic latitudes This ex- 
planation is confirmed for the December 1 1. 1972. event at the 
bottom of Figure 2 by the photograph shown in Figure 4. 
vs hich vs as taken by the Defense Meteorological Satellite Pro- 
gram (DMSP) spacecraft over the north pole near the time 
( 1 100 UT) of maximum radio emission intensity. Although no 
magnetic disturbance is evident in the AE index, the DMSP 
photograph clearly shows that an auroral substorm was occur- 
ring during this event The intense surge apparent in Figure 4 
is traveling westward and lies off the eastern Siberian coast 


High-quality DMSP photographs were not available for the 
other event, occurring at 1230-1330 UT on March 4, 1 973 (not 
shown). All-sky camera photographs from the Alaska meri- 
dian chain (College. Fort Yukon. Inuvik. Sachs \ (arbour) 
indicate that auroral activity during that period wav confined 
mostlv between Fort Yukon (dip latitude 67°) and Inuvik 
Auroras were quite active between 1 1 30 and I200UT and then 
shifted poleward; they were seen near Inuvik until about 1440 
UT (through clouds). 

Statistical Analysis 

To provide a quantitative evaluation of the correlation be- 
tween the auroral kilometric radiation and the AE index, a 




hig 3 (Bottom 1 1 requeno olOviurrcncc ol .iuror.il Xilomciru radiation ji 1 7a kH/ at a luiuuon ol nugnctu latitude 
and magnetic lovjl time \ diMimt latitudinal boundary is evident in the Irequcnc) ol occurrence. most ol the radiation 
being beamed into j eon ual- shaped region over the northern and southern poLr region* (Topi Approximate boundaries ol 
the northern and southern illumination regions 
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Fig. 4 . DMSP 2 photograph (orbit 437) taken over the northern polar region for December II. 1972. showing the 

occurrence of .in .iuroi..i «uo%t.»rm oi.rine tnc biometric r.uhtiion e* : »i .!«•«* n .:i *!n top .*1 I i:»ire 2 The absence 

nf a detectable magnetic disturbance during this c\cr,t is due t»» itiv Incite J spatial coter.ige oi the gr 'uiM magnetometer 

network. / 
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AE INDEX (y) 

Fig. 5. Scatter plot of simultaneous measurements of the auroral kilometric radiation intensity (normalized to 30 R g ) 
and the auroral electrojet index At using 40 days of data from the Imp 6 spacecraft. Each point represents a fO-min average 
obtained while the spacecraft was in one of the two primary illumination regions shown in the top panel of Figure 3. 


statistical analysis has been perforated on simultaneous radio 
intensity measurements from Imp 6 and At measurements 
from a network of ground magnetometer stations. Simultane- 
ous data were available for 146 days, occurring in the periods 
from August 31, 1971, to December 3, 1971, and from Decem- 
ber I, 1972. to March 31, 1973. During these periods the local 
time of apogee moved from -0100 to -2000 hours and from 
-2000 to -1200 hours, respectively. The data used in the 
statistical analysis are selected from these periods. To obtain 
the best correlation, as many as possible of the know n factors 
which could affect the auroral kilometric radiation intensity 
have been taken into account. To account for the latitudinal 
cutoff caused by propagation effects, comparisons have been 
made only when the spacecraft is within the northern illumina- 
tion region shown in the top panel of Figure 3 and only at 
radial distances greater than 7 R t . Since the radiation intensity 
varies approximately as I//?*, where R is the geocentric radial 
distance to the spacecraft, the intensities have been normalized 
to a radial distance of 30 R e by multiplying the observed 
power flux by (/?/30)*. 

To provide directly comparable measurements, the radio 
emission intensity at 178 kHz and the At index have l n 
averaged over corresponding 10-min intervals. A total of 5702 
ten-minute intervals arc included in this analysis. A scatter 
plot of all of these data points is shown in Figure 5. Although a 
considerable amount of scatter is evident, a very clear correla- 
tion can be seen, the mean of the power flux P increasing as the 
At index increases. For the data points used in this plot the 
median value of the normalized power flux (at 30 R c ) is 6.31 x 
10 *• W m a Hz* *, and the median value of the At index is 158 
y. If At is greater than 158 7. then 69.2 n c of the power flux 
values are greater than 6 31 X 10 '• W m* a Hz' 1 ; whereas if 
• / i* Ic'n than 15s v then 68.7 of the pow..r flax values arc 
than 6.31 a 10 W m 3 Hz The percentage viistriou- 
tions above and below the median values are summarized in 
Table I. (For computational reasons the values used as the 
medians arc not exactly the *rue medians, but this has no effect 


on the significance of a chi-square analysis.) A chi-square test 
performed on these data shows that a hy pothesis of no correla- 
tion is rejected at a level of 0.00! The linear correlation 
coefficient, computed for log (/*) versus log {At), is 0.514. 

The correlation between the normalized power flux and At 
is illustrated even more clearly in Figure 6. which shows the 
average power flux and the standard deviation of the average 
as a function of the At index. The siopc of the best-fit straight 
line through these points indicates that the power flux P in- 
creases approximately as the 1.5 power of the AE index. A 
slight change in the slope of the log (/*) versus log (TF) curve 
takes place a; about 100 7. the power flux increasing more 
rapid'y with increasing At at low AE values. A computer fit to 
these averages that weights each point according to its uncer- 
tainty indicates that the power flux is proportional to {AE) 7 for 
the points under 100 7 and is proportional to ( AE) X 7 for the 
points above 100 7. The fit for the higher points is much better 
than the fit for the lower points, possibly because of the 
uncertainty in the At index determination for At values less 
than 100 7. 

One factor that might affect the values of these slopes should 
also be discussed. It has been observed that the frequency at 
which the peak of the emission spectrum occurs tends to 
decrease with increasing At [ Kaiser and Alexander, 1976). 
Since the 178-kHz channel is usually below the peak in the 
spectrum, there could be an increase in the power flux at 178 
kHz due to this downward frequency shift. It appears that this 
effect would generally be less than 1 order of magnitude and 

TABLE I. Distribution of Power Flux Values as a Function of the 
Corresponding At Index Value ( r r) 


Ml v 10 

Below 

Xho\ e 

Entire R tnec 

l m '1/ 

1/. I'' 

It l* v * 

of l/. 

Above P 

31.3 

*9.2 

48 4 

Below P 

68.7 

30 8 

51 6 

Total 

100 

100 

100 
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would make the slopes of the fitted lines in figure 6 somewhat 
steeper than they might he if the data were taken at the peak of 
the spectrum 

Discission 

This studs has shown that satellite measurements of auroral 
kilometric radiation can he used as a sensitive and reliable 
f indicator of auroral magnetic disturbances. Detailed com- 
pardons of the auroral kilometric radiation intensity and AE 
x index sanations shoss that periods of enhanced radio emission 

• intensities at 178 k Hz arc very closely associated with magnetic 

disturbances indicative of auroral substorms Occasionally, 
events are detected in which no typical substorm features in 
the AE index can be detected even though greatly enhanced 
radio emission intensities arc being observed. Investigation of 
cases of this type shows that the lack of correlation is usually 
due to a failure of the ground station magnetometer network 
to detect an auroral substorm because of the limited spatial 
coverage of the magnetometer network Cases also occasion- 
ally occur in which a large magnetic disturbance is delected 
wuh no corresponding enhancement in the radio emission 
Cases of this type usually occur because the spacecraft is 
located at a latitude too low to be within the primary illumina- 
tion region of the auroral kilometric radiation The number of 
such cases can be greatly reduced by using only measurements 
obtained w hen the spacecraft is w ithin the illumination regions 
given at the top of f igure 3. A statistical analysis shows that if 
the auroral clectrojct index AE exceeds the median value of 
158 v then the auroral kilometric radiation intensity (norma- 
lized to 30 /? f ) has a b^ r t probability of exceeding the median 
value of 6.31 X 10 '• W m * Hz The correlation coefficient 


between log P at 178 kHz and log AE is 0.5 14 This relatively 
low correlation coefficient, despite the qualitatively good asso- 
ciation of individual radio emission events with magnetic sub- 
storms. is apparently due to the poor short time scale (<l 
hour) correlation and to the variable proportionality factor 
between the radio emission intensity and the AE index from 
event to event. Long-term averages of the power flux show a 
very consistent correlation with AE % the power flux increasing 
approximately as the 1.5 power of the AE index overall. It 
appears that for lower values of AE the power flux increases as 
the 2.0 power of AE and for higher values of AE it increases as 
the 1.2 power of AE. Since AE is directly proportional to the 
auroral electrojet current, on the assumption that spatial ef- 
fects average out. the change in the slope of log AE versus log 
P may suggest that some type of nonlinear saturation effect 
may occur in the AKR-generating mechanism in high elec- 
trojet currents. 

The results of this study show that auroral kilometric radi- 
ation can be used with good reliability to identify magnetic 
substorms, provided the radio measurements are taken within 
the regions of primary illumination for the auroral kilometric 
radiation and at distances sufficient remote [R > 1 R t ) from 
the earth to avoid local propagation cutoff effects In certain 
situations, auroral kilometric radiation intensity measure- 
ments may provide a more useful index of auroral activity than 
some of the more conventional parameters, such as the AE 
index. This is particularly true when a near real time mon- 
itoring of global auroral activity is needed. Measurements of 
this type can be obtained on a limited basis from the presently 
operating Hawkeyc I. Rae 2. and Imp 8 satellites and should 
be possible on the forthcoming Isee-A, Iscc-B, and Dynamic 
Explorer satellites. 



fig 6 The average power flux and the standard deviation of the average for the data points shown in \ igurc 5 Ihc 
monotonic increase in the average auroral kilometric radiation intensity with increasing At is clearly evident 
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sion frequency model have the correct qualitative character- 
istics. large errors can occur in individual events because of 
deviations of the solar wind densit) from the average model. 
Furthermore, comparisons of the emission frequency with the 
local electron plasma frequency cannot be performed with 
high accuracy because of the implicit requirement to assume a 

• model for the emission frequency as a function of radial dis- 
tance from the sun As will be shown, the stereoscopic direc- 
tion finding analyses used in this stud> completely eliminate 

• the need for any a priori assumption regarding the emission 
frequency as a function of radial distance from the sun, 
thereby providing a more direct method for determining the 
relationship of the emission frequency to the local electron 
plas.aa frequency. 

Instrumentation and Method or Analysis 

Radio wave and plasma density measurements from five 
spacecraft. Helios I and 2. Imp 7 and 8. and Hawkeye I. arc 
used in this study. Helios I and 2 are in eccentric solar orbits 
near the ecliptic plane with perihelion radial distances of 0.309 
and 0.290 AU and aphelion radial distances of 0.985 and 0.983 
All. respectively. Imp 7 and 8 arc in low -eccentricity earth 
orbits near the equatorial plane at geocentric radial distances 
ranging from about 23,1 to 46.3 Hawkeye I is in a highly 
eccentric earth orbit with the apogee located at a radial dis- 
tance of 20.5 over the north pole. The radio wave measure- 
ments presented are from very similar University of Iowa 
plasma wave instruments on the Helios 2. Imp S. and Haw keye 
I spacecraft Details of these experiments are given by Kunhet 
al [I9 7 5J and Gurnet! and Anderson [ 1 977 1. 

The plasma density measurements used in this study arc 
from the Max-Planck-lnstitut plasma experiments i n Helios I 
and 2 and fiom the Los Alamos plasma experiments on Imp 7 
and 8 Details of these instruments and the procedures used in 
the data analysis arc given by Schwenn el al [1975) and As- 
bridge ei al [1976]. 

In order to interpret the three-dimensional radio direction 
finding measurements presented in this study it is important to 
review briefly the method of analysis and the geometry used 
for determining the source position The direction of arrival of 
a radio wave is determined by a least squares fit of the mca- 



Fig I The geometry used for the three dimensional stereoscopic 
direction finding with Imp S. Hawkeye I. and Helios The spin modu- 
lation goes the direction of arrival projected onto a plane per- 
pendicular to the spacecraft spin axis Imp M and Helios have their spin 
axes perpendicular to the ecliptic plane, which gives the angles n, and 
c,. thereby determining the source position protected onto the ecliptic 
plane Hawkeye I has its xpm axis nearly parallel to the ecliptic plane, 
which gives the angle J,. therebv determining the source position out 
of the ecliptic plane 


sured electric field intensities to a theoretical equation for a 
spin modulation envelope given by 

(s)- (■-?)- 

where E is the measured field strength and is the corre- 
sponding orientation angle of the electric antenna in the plane 
of rotation. The parameters determined by the fitting proce- 
dure. w hich is usually applied to a sequence of about 10 min of 
data, are the direction of arriv al o. the modulation factor nt % 
and the electric field strength £' 0 . As was mentioned earlier, it is 
only possible to determine the direction of arrival projected 
onto a plane perpendicular to the spacecraft spin axis. The 
spin axis directions of both Helios and Imp 8 arc oriented 
perpendicular to the ecliptic plane as shown in Figure I. Si- 
multaneous direction finding measurements from Helios and 
Imp 8 therefore give the angles o, and u, shown in Figure I, 
which uniquely determines the position of the source projected 
onto the ecliptic plane. The spin axis direction of Hawkeye I. 
on the other hand, is oriented nearly parallel to the ecliptic 
plane, which gives the angle of arrival di above the ecliptic 
plane. As shown in Figure 1, these three angles, a,. o 2 , 
and d,. completely specify the position of the source By per- 
forming this analysis as a function of frequency the three- 
dimensional trajectory of the type III burst can be determined 

Analysis or the Type III Radio Bi rst 
on March 23. 1976 

Because of the low occurrence of solar flare activity during 
solar minimum and various geometrical constraints the num- 
ber of type III ladio bursts which are currently available for a 
detailed analysis is very small. One event for which all of the 
spacecraft involved were in particularly favorable positions for 
analysis occurred on March 23. 1976. The onset of time ol this 
event is at about 0843 UT as determined by ground high- 
frequency radio measurements [A OAA. 1976). No Ho solar 
flare was detected at this time; however, a large X ray flare and 
a solar electron event consistent with this onset time were 
detected by both Helios I and Helios 2 (J. Trainor and A. 
Richter, personal communication. 1976). The type III ladio 
emission associated with this event was first detected by Helios 
2 at about 0850 UT The corresponding radio intensities de- 
tected by Helios 2. Hawkeye I. and Imp 8 arc shown in Figure 
2 At the time of this event. Helios 2 was cast of the earth-sun 
line, at an earth-sun-probe angle of 1.38° and a heliocentric 
radial distance of 0.56 AU. and Helios I was west of the earth- 
sun line, at an carth-sun-probc angle of 28 8° and a heliocen- 
tric radial distance of 0 34 AU The positions of Helios I and 2 
projected onto the ecliptic plane arc shown in Figure 3. The 
type III burst was not detected by Helios I 

The direction of arrival measurements obtained for this 
event arc summarized in Table I. The time intervals used to 
obtain the parameters given in Table I were selected on the 
basis of a sliding average analysis, and only those intervals 
which give a consistent direction of arrival for several con- 
tiguous intervals were used in computing the average direc- 
tions of arrivjl Reliable fils were obtained for three frequen- 
cies. MX), 178. and 100 kHz. from Imp 8. lor two frequencies. 
178 and MX) kHz. from Helios 2. and for one frequency. I "8 
kHz. from Hawkeye I Although Table I shows results from 
Hawkeye I for 100 kHz. the standard deviation and fluctua- 
tions in the direction of arrival lor this frequency are so large 
that this measurement "as not jsed in the subsequent analysis 
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Fig 2. The electric field intensities detected by Imp 8. Haw key c I. and Helios 2 for the type III radio burst on day 83. 
March 23. 1976. The larger intensities detected b> Imp 8 arc due to the longer antenna length. 1218m from lip to tip lor the 
Imp 8 plasma wave experiment, compared to 42.45 m for Hawkcve I and 32.0 m for Helios 2 
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For all frequencies below 100 kHz the intensities and modula- 
tion factors were too small to give a reliable fit 

The directions of arrival projected onto the ecliptic plane arc 
shown in Figure 3 for each frequency anal) zed. The source 
positions at 100 and 178 kHz are indicated by the correspond- 
ing intersections of the directions of arrival from Imp 8 and 
Helios 2 for these frequencies. The crosshatched regions give 
the uncertainty in the source positions as determined from the 
estimated errors in a, and a 7 (sec Table I ). Both the Imp 8 and 
the Helios direction finding measurements clearly show a sys- 
tematic eastward shift in the directions of arrival w ith decreas- 
ing frequency and increasing radial distance lYom the sun. 
characteristic of the typical Archimedean spiral trajectory of a 
type III burst. The best fit Archimedean spiral through the 
source positions is shown in Figure 3. The equation used for 
the Archimedean spiral is 

ffi m ^ 9 “ (ft/Kxw Jz’ 

where < and r are the heliographic longitude and radial dis- 
tance. V HW is the solar wind velocity, and 12 is the rotational 
velocity of the sun. The solar wind velocity is assumed to be 
600 km s As will be discussed in the next section, this solar 
wind velocity is an approximate average value based on direct 
measurements by Helios 2 and Imp 8. with an appropriate 
delay to provide measurements in the source region. The tra- 
jectory of the type III burst in Figure 3 shows that the purliclcs 
which produced the radio emission were emitted slightly east 
of the central meridian. 

The trajectory of the type III burst out of the ecliptic 
plane, as determined by Hawkeye I. is shown in the meridian 
plane projection of Figure 4. Unfortunately, accurate source 
positions in the meridian plane can only be obtained at one 
frequency. 178 kHz. for this event. Nevertheless, this measure- 
ment is important because it shows that the type 111 burst 
trajectory is very dose to the ecliptic plane. 


From the modulation factors given in Table I it is also 
possible to estimate the apparent size of the source. As can be 
easily shown, the modulation factor is sensitive to the angular 
width of the source projected in the plane of rotation of the 
antenna. The modulation factor is the largest for a point 
source and decreases monotonically with increasing source 
size. The modulation factor is also affected by the angular 
position of the source with respect to the spin plane of the 



(AKTM 

Fig. 3, The ecliptic plane projection of th; source positions deter- 
mined by trianguljiion from Imp 8 and Helios 2. The uncertainty in 
the centroid of the source position is indicated by the crosshatched 
regions at the intersections ol ihc directions ot arrival The hest lit 
trajectory is .m Archimedean spiral through the observed source posi- 
tions I hc parameters of the Archimedean spiral have been selected to 
represent the expected configuration of the solar wind magnetic field 
lor a solar wind velocitv ol MX) km s 
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TABLE I. Direction of Arrival Measurements Obtained for the March 23, 1976, Type III Radio Burst 


Frequency, 

kHz 

Helios 2 

Imp 8 

Hawkeye 1 

a,, deg 

m 

a,, deg 

19V 

Su deg 

m 

500 

. . . 

. . . 

3.9 ± l.l 

0.985 

. . . 

. . . 

178 

42.0 ± 0.4 

0.444 

17.4 ± 1.2 

0.809 

4.1 ± 0.6 

0.448 

100 

78.0 ±4.1 

0.047 

35.4 ±0.6 

0.521 

24.7 ± 9.4 

0.130 


antenna Since the detailed shape of the source cannot be 
determined from this type of analysis, some assumption must 
be made concerning the form of the source intensity distribu- 
tion. For this analysis wc have assumed that the source con- 
sists of a uniformly illuminated circular disk normal to the 
direction to the sun and centered on the source position deter- 
mined from the triangulation measurements. Because of the 
geometric complexities the best fit source size must be deter- 
mined by a computer fitting procedure which gives the best 
agreement w ith the measured modulation factors. For 178 and 
500 kHz. which are the only frequencies analyzed, the half 
angles of the source regions as viewed from the earth are 36.5° 
and 10.5°. It is evident that the source region of the type III 
radio emission at these frequencies is quite large. These source 
sizes are probably larger than the true size of the radiating 
region because of scattering in the interplanetary medium. 

Comparison With the Solar Wind Density 

Since the trajectory of the radio burst has been determined 
without reference to any specific model for the emission fre- 
quency, these results can now be compared with the in situ 
plasma density measurements to determine the relationship of 
the emission frequency to the local electron plasma frequency. 
Fortunately, the trajectory of the type III burst passed very 
close to the ecliptic plane, since this is the only region in which 
plasma density measurements are available. For this event, 
plasma densities can be obtained over a w ide range of helio- 
centric radial distances. Densities are available from Imp 7 and 
8 at 1.0 AU. from Helios 2 at about 0.55 All. and from Helios 
I at about 0.32 A U. As is shown in Figure 3, the trajectory of 


NORTH 


ECLIPTIC POLE 



Fig 4 The observed source position of the !>pe HI hurst in the 
meridian plane Unfortunately, reliable direction finding measure- 
ments ctn only he obtained for one frequency, 178 kHz. from Hawk- 
eye I duri.tg thu event This one measurement does, however, show 
that the traiectory of the type III w js very close to the ecliptic plane. 


the type III burst passed eastward of all of these spacecraft. 
Therefore it is not possible to determine the plasma densities in 
the source region at the time of the burst. Instead the com- 
parisons must be made a few days later, after the appropriate 
time delays for the solar rotation to bring the magnetic field 
line through the source region into coincidence w ith the space- 
craft positions. The geometric considerations required to de- 
termine these time delays are illustrated in Figure 5. which 
shows the trajectories of Imp 7 and 8, Helios 2. and Helios I in 
a coordinate system fixed to the sun. The appropriate time 
delays are approximately 3.9 days for Imp 7 and 8. 2.6 days for 
Helios 2. and 8 days for Helios I. Since the large-scale rota- 
tional structure of the solar wind is usually quite consistent 
and repeatable for several solar rotations during solar mini- 
mum conditions, it is believed that any temporal changes 
which may have occurred in the plasma dentity during this 
few-day period should be small. Fortunately, the shortest de- 
lay is for Helios 2. which passes the closest to the observed 
source locations (compare Figures 3 and 5). 

The solar wind plasma densities obtained from Imp 7 and 8. 
Helios 2. and Helios I are shown in Figure 6. Although the 
plasma instruments actually measure ion densities, the mea- 
surements shown are equivalent electron densities computed 
assuming the plasma to be electrically neutral. ~i he time scales 
in Figure 6 arc adjusted so that measurements obtained at the 
same heliographic longitude are aligned vertically . The points 
A, B. and C correspond to times w hen the spacecraft cross the 
best fit trajectory of the type III burst. Although large varia- 
tions in the electron density are evident, particularly in the Imp 
7 and 8 data, the density is relatively smooth and constant in 
the region near the type III burst trajectory. The density en- 
hancement evident at all three radial distances (day 87 at 
Helios I. days 83 and 84 at Helios, and days 85 and 86 at Imp 7 
and 8) is evidently a corotating structure which has an Archi- 
medean spiral structure similar to the type III burst but dis- 
placed approximately 20° westward in longitude. Com- 
parisons with solar wind velocity measurements show that this 
density compression precedes the onset of a high-speed stream, 
following the well-known pattern discussed by Hundhausen 
[1973]. 

When the electron plasma frequencies obtained from these 
plasma densities are compared with the observed emission 
frequencies, consideration must be givin to the uncertainties in 
the position of the source and the apparent size of the source. 
Although points A. B. and C in Figure 6 represent the best 
estimate of the type III trajertory. based on the Archimedean 
spiral fit. these intersections arc somewhat uncertain because 
of our lack of knowledge of the exact structure of the solar 
wind magnetic field. Point C probably has the largest error 
because it represents an extrapolation by several tenths of an 
astronomical unit into a region where the Archimedean spiral 
angle is quite sensitive to the solar wind velocity. The solar 
wind velocity. I'* M * 600 km s '. used in the Archimedean 
spiral lit is in close agreement with the velocities measured h\ 
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. HELIOS I 


TYPE m RADIO 
BURST TRAJECTORY 


• MCLIOS 2 


IMP 7, B 


HELIOGRAPHIC LONGITUDE 

(REFERENCED TO THE EARTH AT 0890 UT. DAY 69) 

Fig. 5. The trajectories of Imp 7 and 8. Helios 2. and Helios 1 in a coordinate system fixed to the sun The spacecraft 
intersect the best fit trajectory of the t>pe III burst at the points marked A. B. and C Point B represents the best position for 
comparisons with the local plasma frequency . since this intersection is the closest to the observed source positions (compure 
with Figure 3) and occurs at the shortest time (2.6 days) after the event. 
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Fig 6 The electron densities observed by Imp 7 and 8. Helios 2, and Helios I for the several-da) period alter the tv pc I 
event on day 83. The intersections with the best hi trajectory occur at poirts A. B. and C as determined from f igure 5 
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Fig. 7. A companion of the observed emission frequencies of the 
type III burst and the measured electron plasma frequencies as a 
function of radial distance from the sun Since the angular size of the 
source is rather large, as viewed from the earth, the electron plasma 
frequencies have been averaged over a longitude range of *10* cen- 
tered on the points A. B. and C in Figure 6. The error bars give the 
standard deviation of the electron plasma frequency over this interval. 

Helios 2 and Imp 7 and 8. Point B, on the other hand, is 
probably very accurate, since it is determined by an inter- 
polation between measured source positions less than 0.2 AU 
apart. Point A is also considered to be reasonably accurate, 
since the Archimedean spiral model for the magnetic field is 
less subject to errors close to the sun. Also, in the region close 
to the sun the direction finding measurements (500 kHz in 
Figure 3) show good qualitative agreement with the best fit 
Archimedean spiral, even though exact source positions can- 
not be determined by triangulation. 

Because of the large apparent source size a choice must be 
made concerning the size of the region over which the electron 
densities are to be compared. Although the Imp 8 and Hawk- 
eye I spin modulation measurements indicate that the source 
subtends a half angle of about 40°. as viewed from the sun. this 
source size is almost certainly determined by scattering and is 
too large. This viewpoint is supported by the Helios 2 mea- 
surements at 178 kHz which still have a sizable spin modula- 
tion ( m - 0.44. which corresponds to a half angle of about 46* 
for a uniformly illuminated disk), even though the spacecraft 
is only I8 # in heliographic longitude from the center of the 
source. These results suggest that the angular size of the source 
is of the order of 10*-I5* half angle, as viewed from the sun. 
or possibly even smaller. On the basis of these estimates of the 
source size we have averaged the electron density measure- 
ments over a region of ±I0 # heliographic longitude on either 
side of the centroid of the source as determined by the points 
A. B. and C in Figure 6 

The average electron plasma frequencies within the ±10* 
regions centered on points A. B, and C arc show n in Figure 7. 
plotted as a function of heliocentric radial distance. The stan- 
dard deviation of the plasma frequency in each region is also 
shown by the error bars in Figure 7. to indicate the range of 


variability of the plasma frequency in the assumed source 
region. The electron plasma frequency is also considered to be 
uncertain by about ±15% becuuse of instrumental limitations 
in the absolute density determination. Also shown in Figure 7 
are the observed type III emission frequencies and their cor- 
responding heliocentric radial distances, as determined from 
the triangulation measurements in Figure 3. The error limits 
on the emission frequencies and radial distances, indicated by 
the cross-hatched regions, are determined by the filter band- 
widths (±7.5%) and the uncertainties in the triangulation 
measurements. 

The systematic decrease in the solar wind plasma frequency 
and the type HI emission frequency' with increasing heliocen- 
tric radial distance is clearly evident in Figure 7. The electron 
plasma frequencies are seen to be in good agreement with the 
expected I /A variation with radial distance, as indicated by 
the solid line. The emission frequencies are in all cases sub- 
stantially above the local electron plasma frequency, too far 
removed to be consistent with generation of the radiation at 
/ p ". For comparison the second harmonic f the electron 
plasma frequency, 2/ p ~, is shown by the dashed line in Figure 
7, based on the \/R curve through the average plasma frequen- 
cies. The observed emission frequencies are seen to be in 
reasonably good agreement with the second harmonic, 2/,~, 
much better than for the fundamental, / p ~. 

Summary and Discussion 

By using long base line stereoscopic direction finding mea- 
surements from the Imp 8, Hawk eye I. and Helios 2 spacecraft 
the three-dimensional trajectory of a type III solar radio burst 
has been determined and analyzed. In contrast to previous 
direction finding analyses of type III radio bursts the trajectory 
in this case was obtained completely independent of any mod- 
eling assumptions regarding the radial dependence of the emis- 
sion frequency. Comparisons of the observed emission fre- 
quencies with the plasma densities measured along the 
trajectory were used to determine whether the radiation is 
generated at the fundamental. / p ", or second harmonic, 2f p \ 
of the local electron plasma frequency. For the event analyzed 
the results show that the radio emission is generated near the 
second harmonic, 2/ p ‘, and not at the fundamental. 

In considering possible uncertainties in our result, several 
factors must be considered. The primary uncertainties in the 
analysis are concerned w ith ( I ) the constancy of the solar wind 
density distribution from the time the event occurred until the 
time that the density measurements were obtained. (2) the size 
of the source, and (3) the plasma densities out of the ecliptic 
plane. The temporal stability of the rotating solar wind struc- 
ture during the period of interest is supported by the close 
agreement between the solar wind velocity and density varia- 
tions observed by Imp 7 and 8 near the earth and by Helios I 
and 2 closer to the sun and by the fact that the solar wind 
sector structure is relatively steady and repeatable for several 
solar rotations during solar minimum. The uncertainty regard- 
ing the source size arises because of the necessity for com- 
paring a large-scale average property, the emission frequency, 
with a series of local measurements. Because of the presently 
unknown role of scattering in the interplanetary medium the 
actual source size is not easily related to the apparent source 
size given by the modulation factor measurements. Since the 
actual source size is not well known, except for an upper limit, 
the size of the region over which the electron density must be 
averaged to compute the ‘average* electron plasma frequency 
is not accurately known Fortunately, the spatial variations in 
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the plasma frequency are not so large that the basic conclusion 
is alTected by the assumed si it of the source region. Even if the 
source si/c is increased by a factor of 2 or more, the electron 
plasma frequencies detected by Helios I and 2 are not changed 
sufficiently to be consistent with generation of the radiation at 
the fundamental. Another limitation is that in situ plasma 
density measurements are only available near the ecliptic 
plane. It is of course possible that the plasma density is unex- 
pectedly large in the region assay from the ecliptic plane, in 
vs hich case the radiation could be generated al the fundamen- 
tal and still be consistent with our measurements. Since the 
centroid of the source is located very close to the ecliptic plane 
(sec Figure 4). this hypothesis is not considered very likely, 
since it would require that the average plasma density increase 
symmetrically. b> at least a factor of 4. within a few degrees on 
either side of the ecliptic plane. Considering the observed 
range of longitudinal variations, such large latitudinal varia- 
tions of the plasma density away from the ecliptic plane seem 
quite unlikely. 

The conclusion of this investigation, that the low -frequency 
type III radio emission is generated at 2 is consistent with 
and confirms the earlier results of Fainberg et al. [1972), Hod- 
dock and Alvarez [1973). Fainberg and Stone (1974). Alvarez el 
al. (1975), and Kaiser (1975). The main advantage of this study 
is that the relationship is determined directly by comparisons 
with in situ measurements rather than relying on an assumed 
model for the radial dependence of the emission frequency 
and/or average statistical properties of the solar wind. 
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Plasma wave measurements on the Helioi I and 2 spacecraft have revealed the occurrence of electric 
field turbulence in the solar wind at frequencies between the electron and ion plasma frequencies. Wave* 
length measurements with the Imp 6 spacecraft now provide strong evidence that these waves are short- 
wavelength ion acoustic waves which are Doppler-shifted upward in frequency by the motion of the solar 
wind. Comparison of the Helios results with measurements from the earth-orbiting Imp 6 and I spacecraft 
shows that the ion acoustic wave turbulence detected in interplanetary space has characteristics essentially 
identical to those of bursts of electrostatic turbulence generated by protons streaming into the solar x ind 
from the earth’s bow shock. In a few cases, enhanced ion acoustic wave intensities have been observed in 
direct association with abrupt increases in the anisotropy of the solar wind electron distribution. This 
relationship strongly suggests that the ion acoustic waves detected by Helios far from the earth arc 
produced by an electron heat flux instability, as was suggested by Forslund. Possible related mechanisms 
which could explain the generation of ion aquatic waves by protons streaming into the solar wind from 
the earth’s bow shock arc also considered. 


Introduction 

Plasma wave measurements on the solar-orbiting Helios 1 
and 2 spacecraft [Gurnett and Anderson, 1977] have recently 
revealed the occurrence of significant levels of electric field 
turbulence in the solar wind at frequencies from about I to 10 
kHz, between the electron and ion plasma frequencies. In this 
paper w e expand the initial investigation of this turbulence and 
present evidence that this turbulence consists cf short-wave- 
length ion acoustic waves-'below the ion plasma frequency 
which are Doppler-shifted upwaid in frequency by the motion 
of the solar wind. Measurements are presented both in inter- 
planetary space, from Helios I and 2, and in the solar wind 
upstream of the earth’s bew shock, from Imp 6 and 8. These 
data provide a comprehensive description of the spectrum, po- 
larization. wavelength, and other essential characteristics of 
the turbulence. Comparisons are also made with the ambient 
plasma parameters under a variety of conditions to identify the 
origin of these waves. In interplanetary space, far away from 
the earth, the primary mechanism for produdng the ion acous- 
tic waves is believed to be the electron heat flux instability 
suggested by Forslund [1970]. Near the earth, however, the 
same types of waves are often observed to be associated with 
low-energy ( I- 10 keV) protons streaming toward the sun from 
the earth's bow shock. Thus more than one mechanism is 
apparently operative in the solar wind to destabilize the ion 
acoustic mode. As will be discussed, similar mechanisms, 
based on an induced drift between the solar wind electrons and 
protons, are believed to account for both the heat flux and the 
proton streaming instabilities. 

In the initial description of the ion acoustic wave turbulence 
by Gurnett and Anderson [1977] this turbulence was called // 
</</#' noise. This terminology was chosen on a strictly 
observational basis, since the largest intensities usually occur 
in the frequency range between the electron and ion plasma 
frequencies /,' and /,*. As detected by Helios I and 2. the 
maximum single-channel (± 10% bandwidth) electric field am- 
plitudes of the // < / < f p noise arc typically a few hundred 
microvolts per meter. The electric field strength of this noise is 
very impulsive, consisting of nu.n brief bur-ls Ijsune for only 
a few seconds When it is slewed on j t»m/ ncjIc ol several 
hours or more, the 1/ < / < /*" nois# is present a large 


fraction (30-50%) of the time. The noise is observed over the 
entire range of the Helios orbits from about 0.3 to 1.0 AU. The 
frequency spectrum of the // < / < / # * noise shows a system- 
atic variation with radial distance from the sun, shifting to- 
ward higher frequencies closer to the sun. Spin modulation 
measurements show that the electric field of the noise tends to 
be aligned along the direction of the magnetic field in the solar 
wind. Gurnett and Anderson discussed the possible plasma 
wave modes which could account for the f 0 * < f < f,‘ noise 
and concluded that the noise could be produced by either the 
Buneman [1958] mode or the ion acoustic mode, the ion acous- 
tic mode being the most likely. 

Helios Observations in Interplanetary Space 

Since more data have now been analyzed from the Helios 
plasma wave experiments, a much more detailed analysis of 
the / / < / < noise detected by Hehos in the interplanetary 

medium can be provided than was given in the initial survey by 
Gurnett and Anderson [1977], For details of the Helios 1 and 2 
plasma wave instrumentation, see the pa^r by Gurnett and 
Anderson [1977]. A typical example of the // < / < noise 
detected by Helios 2 is shown in Figure I. Helios 2 at this time 
is near the earth-sun line at a heliocentric radial distance of 
about 0.45 AU. The solid lines for each frequency channel in 
Figure I show the peak electric field intensities over 40.0-s 
intervals, and the vertical bars (solid black areas) indicate the 
corresponding average electric field intensities. The intensity 
scales are logarithmic with a total range of 100 dB from the 
bottom of one channel to the bottom of the next adjacent 
channel. The /,* < / < /,' noise is evident as a broad band of 
noise extending from about 1.0 to 17.8 kHz. roughly between 
the electron and ion plasma frequencies and /,*. as in- 
dicated on the right-hand side of Figure I. A typical spectrum, 
selected from Figure I at a time of nearly maximum intensity, 
is shown in Figure 2. The broad peak in the spectrum between 
the electron and ion plasma frequencies is clearly evident. The 
relationship to the local electron and ion plasma frequencies 
< (< f,’ is believed to be mainly fortuitous, since as will 
he %hown later, the !re* ;»ic:k\ spectrum i- strongly Doppler- 
shilled by the motion ol me ^olar wind, iioih figure I and 
Figure 2 show that the peak field strengths of the f p ’ < / < /„ 
noise arc much larger than ihe average field strengths, in- 
dicating that the noise is very impulsive The dcuiled temporal 
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Fig. I. Typical example of the // < / < /,* noise detected by the Helios 2 spscccnft at about 0.45 AU. The solid lines 
and the vertical bars (solid black areas) indicate the peak and average electric field strengths The intense noise at lo* 
frequencies, £311 Hi, is caused by interference from the spacecraft solar array. 
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Fig. 3. Very high time resolution mc«surcmemi from Figure I. 
showing the impulsive burstlike tcmponl structure of the /,* < / < 
/,' noise. 


variations arc illustrated in Figure 3. which shows a very high 
time resolution snapshot of the electric held intensities stored 
in the spacecraft memory from the event in Figure I. at about 
0257 UT. These high time resolution measurements show that 
the // < / < /,“ noise consists of many short bursts lasting 
only a few tenths of a second. The individual bursts have a 
very broad bandwidth and tend to occur simultaneously across 
a broad range of frequencies. Occasionally, high time resolu- 
tion measurements, such as those in Figure 3. show distinct 
evidence of spin modulation caused by the rotation of the 
electric antenna. A brief period in which such spin modulation 
if apparent occurs from about + 12 to + 15 s in the 1.78-kHz 
channel in Figure 3. The spin modulation consists of two 
maaima and two minima in each )-s rotation of the spacecraft. 
In most cases the extremely rapid temporal variations make it 
very difficult to determine the phase of the spin modulation 
accurately. However, by averaging a long series of measure- 
ments the detailed spin modulation pattern can usually be 
identified. An example of one such series of measurements is 
illustrated in Figure 4. which shows the electric field intensity 
distribution above a fixed percentage occurrence level ( 10 and 
20%) as a function of the antenna orientation angle A 
long (I hour) analysis interval is used to reduce statistical 
fluctuations. These data show that the maximum electric field 
intensity occurs when the antenna is oriented approximately 
parallel to the solar wind magnetic field. Individual high time 
resolution measurements of the spin modulation, such as those 
in Figure 3. also show the same relationship. From these 
measurements it is concluded that the electric field of the / / < 
/ < noise is oriented approximately parallel to the static 
magnetic field in the solar wind. 

To illustrate the approximate fraction of the time that the 
// < f < f p noise is present in the solar wind. Figure 5 shows 
the peak and average field strengths for one complete solar 
rota’ion I he four frequencies -bown »n I- ip ure * i r e <ehvicd 
to cover the range ol frequencies in whiwh the ^ * t , 

noise is normally observed Here, as in Figure I. the peak and 
average field strength* ar- shown bv lines and vertical bar* A 
time interval of 36 0 min is used for both the peak and the 


average field strength calculations. It is evident from Figure 5 
that peak electric field amplitudes of a few hundred miciovolts 
per meter are present in the frequency range from 1.78 to 5.62 
kHi a substantial fraction of the time. Occasionally, bursts of 
// < / < i P ' noise are seen to extend into the 562-Hz and 
17.8-kHz channels. Because of the long interval for the peak 
determination the compressed time scale presentation in Fig- 
ure 5 tends to enhance the apparent occurrence of the / f * < / 

< fp noise, since even one short burst during any given 36- 
min interval will register in the peak measurements. Never- 
theless, these data show that bursts of // < / < f 0 m noise are a 
common feature of the solar wind, since during any given 36- 
min interval a few bursts are normally detected. Occasionally, 
quiet periods occur. However, some turbulence is usually de- 
tected in any given 36-min interval. Sometimes, distinct en- 
hancements are evident for periods of several days, for ex- 
ample, from November 21 to November 23 and from 
November 27 to November 29. 

To investigate the variation in the spectrum of the // < / < 
fp m with radial distance from the sun, a detailed statistical 
analysis has been performed on all of the available Helios I 
data, consisting of approximately two complete orbits around 
the sun. The results of this analysis are summarized in Figure 
6, which shor s the distribution of electric field strengths de- 
tected in each frequency channel as a function of radial dis- 
tance. The electric field strengths used in this analysis are 36- 
min peak values, comparable to those in Figure 5. The electric 
field strength contours shown in Figure 6 correspond to in- 
tensities which are exceeded a fixed fraction (5 and 10%) of the 
' time. The pottion of the overall spectrum attributed to the // 

< f < f 0 noise is indicated by the shaded areas. The steeply 
rising spectrum at low frequencies ($500 Hz) is caused by 
interference from the spacecraft solar array (also evident in 
Figure I ). The isolated peaks in the spectrum at high frequen- 
cies (230 kHz) arc caused by narrow-band electron plasma 
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Fig 4 Angular distribution of the elettru 'tcUi intensity of ihc r ,‘ 
< / <- non*. shoeing that the electric licit! o| tin* none is oriented 
approximate!* parallel to the volar »md magnetic field 
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Fig. 3. Compressed time scale plot showing the electric field intensities for one solar rotation. Each peak and each 
average point represent a 36-min interval. These data show that a low level of// </</*’ noise, at amplitudes of 10-100 
»V m *. is present in the solar wind a substantial fraction of the time. 


osciJJJations comparable to the event in Figure I at about 0700 
UT. These plasma oscillations are directly associated with 
energetic electrons streaming outward from the sun [Gumeu 
and Frank . 1975] and are often directly associated with type III 
solar radio bursts ( Gurnet t and Anderson . 1976). Although 
narrow-band electron plasma oscillations are easily distin- 
guished from the // < / < noise, no attempt was made to 
separate the two types of waves fo» the statistical analysis in 
Figure 6. since the plasma oscillations occur very infrequently 
Figure 6 clearly shows tha; both the upper cutoff- frequency 
and the intensity of the //' < / < /*' aoise increase with 
decreasing radial distance from the sun A rough analysis 
indicates that the upper cutoff frequencies of the/,* </</,* 
noise and the frequency of the electron plasma oscillations 
vary approximately as I /R. where R is the heliocentric radii! 
distance. The radial variation of the // < / < f, m noise 
intensity is shown in more detail m Figure 7, •• hich gives the 
distribution of broadband ckclric field strer.~‘hs as a function 
of the radial distance from the sun. The broadband electric 
field strengths used in this analyses are calculated by in- 
tegrating the individual 36-min peak ciectric field spectrums 
from 562 Hz to 31.1 kHz. As can be seen from Figure 6. the 
main contribution to the // < / < /#' noise spectrum usually 
occurs in this frequency range. The frequency of occurrence 
contours in Figure 7 clearly show the increase in the / / < / < 
/ # - noise intensity with decreasing radial distance from the 
sun. A best fit analysis of the broadband field strength as a 
function of the radial distance, a power law radial distance 
dependence being assumed, indicates that the electric field 
strength also varies approximately as I -R 

|\fp 6 v\i> 8 Ohm-mv \tio\s l>siei v\r m 
THt Laaih » Bow ShuCA 

Waves essentially identical to the f r m < f < f„ noise de- 
tected by Helios arc also commonly observed h> ibe Imp 6 and 


8 spacecraft in the solcr wind upstream of the earth's bow 
shock. See the description by Gumett (1974) of the plasma 
wave instrumentation on imp 6 and 8. As will be shown, some 
of the fS < f < l 0 ~ noise bursts detected by Imp 6 and 8 are 
clearly of terrestrial origin, whereas others appear to be of 
interplanetary origin, as is true in the Helios observations. 
Figures 8. 9, and 10 illustrate some typical examples of the ] p ' 
< f < i 0 ' noise detected by Imp 8 upstream of ibe bow shock. 
Figure 8 shows an example of an earth-related event in w hich a 
burst of f/ < f < i 0 noise, from about 0920 to 1115 UT. is 
dosely associated with the arrival of a stream of low-energy 
protons from the cirth's bow shock. The corresponding 
charged particle measurements from the University of Iowa 
tow-energy proton-electron differential energy analyzer (Le- 
pedea) on Imp 8 ire shown in Plate I. Details of this spectro- 
gram display of the cherged particle intensities and the Le- 
pedea instrumentation are given by Frank ei al. (1976). The 
sunward streaming 1- to 10-keV protons associated with the 
! 0 < f < ft noise are clearly evident in the second, third, and 
fourth spectrograms from the top in Plate I. between about 
0920 and 1115 UT. in almost exact coincidence with the burst 
of ,V </</*" noise. These spectrograms represent viewing 
directions looking toward local evening, local midnight, and 
local morning, respectively. The direction of motion of the 
protons can also be seen from the sector spectrogram in Pktc 
I. which shows that the protons are streaming tow arc the sun 
with directions of arrival in the range 120* < * ff l i 300* 
(solar echptic coordinates). Imp 8 at this time is located up- 
stream of the earth at a local time of about 14.5 hours and a 
geocentric radial distance of about 41 R, The observed direc- 
tions of :irriv .il corv^md c!o*elv with i*’e .•\r\„:cd Tree: »*ns 
of motion lor particle v rejin. amp trout the vic.i*.’> of tl:c 
earth The velocity distribution function for these protons, 
measured along directions approvimaielv parallel to the earth- 
sun line. <s shown in figure 1 1. along with the jmbicn; solar 
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wind distribution determined from the Los Alamos plasma 
instrument on Imp 8 (W. Feldman, personal communication, 
1977). As can be seen in Figure 1 1, the protons strea n.ng into 
the soiar wind produce a very pronounced double peak in the 
proton di'triO'itk » function. Possible chanisms by which 
these sunward streaming proto.is can venerate f p * < I < \ p ~ 
noise a.c considered iater. 

The upstream /„'</< f n ' noise associated with protons 
arriving from the earth's bow shock, such as that in Figure \ 
aim it certainly corresponds to th* electrostatic noise lirsl 
re t iiied by StarJet al. (N70J upstream of ihc bow shock from 
Ogo 5. In comparison to the / p ‘ < f < f P no* z detected by 
Helios the unstream waves detected by imp 8 have essentially 


identical characteristics. In both cases the noise is electrostatic 
and extends with comparable intensities from about 562 Hz to 
10 kHz, between the electron and icn plasma frequencies. The 
peak electric field strengths are much greater than the average 
electric field strengths, as is »rue in the Helios measurements, 
and angular distributions, such as those in Figure 12. show 
that the wave electric *eld is aligned approximately parallel to 
the solar wind magnetic field, also in agreement with the 
lid- observations. f rom all avail. bt* :Jcnce the elec- 
trostatic w av cm gener I upstream of :‘.e earth by protons 
arrving from the bow ock are essentially identical to the f r * 
< / < f n noise detected by Helios far from the earl!. 7 nese 
comparisons indicate that the amc basic plasma wave mode is 
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Fig. 7. More detailed analysis of the broadband electric field intensity as a function of the radial distance from the sun. 
The radial distance is plotted on a logarithmic scale, so that a power law dependence will be a straight line. The electric field 
amplitude varies approximately as I /R. 


involved in both types of noise. The detailed mechanisms by 
which the noise is generated must, however, be quite different 
in the two cases, since protons from the earth's bow shock 
cannot possibly produce the waves detected by Helios far from 
the earth. 

Not all of the f p + < f < f p ~ noise bursts detected by Imp 8 
are associated with protons arriving from the bow shock. 
Figure 9, for example, shows a sequence of \ p < / < /„" noise 
events extending over an entire day which are not related to 
upstreaming protons. The corresponding Lepedea rpectro- 
grams in Plate 2 for the same day demonstrate that no sun- 
ward streaming protons are detectable during these events, 
except possibly for the event around 1300-1400 UT. The mag- 
netic field during this day is often close to the eclip ic plane, so 
thc r e is no possibility that the Lepedea, which scans viewing 
directions in the ecliptic plane, would not be able to delect 
protons streaming along the magnetic field from the bow 
shock. The corresponding electron spectrograms in Plate 2 
also show no abrupt changes in the electron distribution func- 
tion which can be dearly related to variations in the / p * < / < 
f p ~ noise intensity. Events of this type, for which no earth- 
related source can be identified, constitute about 3G-5(Fr of all 
of the \ p < / < / p - noise events detected by Imp 8 upstream 
of the bow shock. These events evidently correspond to the 
interplanetary \ p < ; < \ p noise commonly detected by 
Helios far from the earth, since no earth-related source can be 
identified. 

To try to identify the feature of the solar wind charged 
particle distribution which produces the interplanetary (non 
earth related) // < f < / p " noise, the Imp 8 Lepedea and 
plasma wave data have been examined for correlated events 
which would indicate the origin of the instability. Several 
events have b-.cn identified which strongly indicate that the 
anisotropy associated with the electron heat tlu\ in the noI.it 
wind plays an impoiluni role in producing the j p ^ / n. j p 
noise One such event, which occurred during a disturbed 
period on July 5. 1974. is illustrated in figure 10 and Plate 3. 
In this case a pronounced burst of // < / < f p noise occurs 


from about 1645 to 1930 UT, preceded by a shorter burst from 
about 1540 to 1600 UT. The Lepedea spectrograms in Plate 3 
clearly show that no protons are arriving from the earth's bow 
shock during this time, so these waves rr^t correspond to the 
interplanetary f p < f < / p " noise. The enhanced background, 
evident in the proton spectrogram tnroighout the period 
shown in Plate 3, is caused by an energetic solar cosmic rav 
event. Close examination of the electron sector spectrogram in 
the second panel from the bottom in Plate 3 shows that the f p * 
< f < f p ~ noise occurs during a period when a substantial 
anisotropy is present in the solar wind electron distribution. 
The maximum intensities occur for Lepedea viewing directions 
in the range 0° < < 90°, which are approximately sym- 

metrical with respect to the magnetic field direction, * S e b - 
45°, during this period. This anisotropy is representative of a 
substantial streaming of electrons along the magnetic field 
away from the sun. The electron velocity distribution indicates 
that these electrons correspond to the high-temperature *halo‘ 
electrons which provide the main contribution to the heat flux 
in the solar wind [Feldman et al., 1974). The anisotropy evident 
in Plate 3 corresponds to an unusually large electron heat flux 
away from the sun, directed along the solar wind magnetic 
field. The detailed variations of the electron velocity distribu- 
tion function at a fixed energy and the corresponding I 78-kH/ 
electric field intensity variations arc shown in Figure 13 near 
the beginning of the event. The elec* ron distribution function 
is shown in two directions, * s e L - 34° and 121®, which are 
appre .imately parallel and perpendicular, respectively, to the 
average magnetic field directions projected onto the ecliptic 
plane during this period. The interpretation of these data is 
somewhat complicated by variations in the magnetic field di- 
rection. Before about 1610 UT the magnetic field is too far out 
of the ecliptic plane, fl. ^ 60°. for accurate measurements of 
the irmoiropy p.iralU j perpcnuicuiar to the magnetic 
Held. However, alter about lolU LI the magnetic field is 
sufficiently close to the ecliptic plane. Osr* ^ 30°. for good 
anisotropy measurements. As can be seen from f igure 13. 
after about 1650 the intensities at = 34°, looking along 







i 



the magnetic field toward the sun. ncrease substantially above 
the intensities at « 124°, perpendicular to the magnetic 
field Comparisons with the ).78-kHz electric field intensities 
show that the onset of the // < / < f p ~ noise is closely 
correlutrd with the increase in the anisotropy of the electron 
distribution. The burst of noise at about 1550 UT is also seen 
to be correlated closely with the increase of electron intensities 
in the direction * S f L * 34° at about 1552 UT. Even though 
f'f* is large at this time, this burst must be associated with an 
anisotropic component streaming along the magnetic held, 
since the intensity perpendicular to the magnetic field, * SK L ■ 
124°. shows no comparable increase. The evidence that the f p 
< / < f p ' noise is associated with the magnetic-field-aligned 
anisotropy in the electron flux is further supported by the 
velocity distributions shown in Figure 14, which are selected 
for times when $ st B =* 0° and for viewing direction parallel 
(tst L * 304° and 34°)and antiparallcl ** 124° and 214°) 
to the magnetic field. The electron intensity measurements at 
1252 UT (triangles), before the onset of the f p * </< f p ~ noise, 
show that the anisotropy is typically small, < 20%. at all veloci- 
ties. However, the measurements at 1720 UT (circles), after the 
onset of the / p * < / < f p ~ noise, show that the anisotropy is 
very large, typically a factor of 3-5, over a broad range of 
velocities. These velocity distributions also show that other 
than the change in the anisotropy the electron distribution 
functions are nearly identical in the two regions, before and 
after onset of the noise. Comparison of these velocity distribu- 
tions with the measurements of Feldman et al. [I975J clearly 
identifies this anisotropy with a greatly enhanced heat flux of 
the halo electrons, directed along the magnetic field line away 
from the sun. These and other similar observations provide 
strong evidence that the anisotropy associated with the elec- 
tron heat flux in the solar wind plays an essential role in the 
generation of these waves. Close inspection of the electron 
angular distributions in Plate 2 also shows, for example, that a 
similar electron anisotropy is present during the period when 
the ion acoustic waves in Figure 9 are being observed. The 
variations in the / p ‘ < / < / p ~ noise intensity are not, how- 
ever, as easily associated with changes in the electron distribu- 
tion function in this case, possibly because the plasma is close 
to marginal stability, so that only very minor changes in the 
electron distribution or other parameters can trigger the 
growth or decay of the waves. 

Identification of the f p < / < / p " Noise as 
Shout-Wavelength Ion Acoustic Waves 

Some of the factors involved in the identification of the 
plasma wave mode associated with the // < / < f p noise 
detected by Helios have already been discussed by Gumett and 
Anderson [1977], From the electrostatic character of the noise, 
all of the well-known electromagnetic modes of propagation, 
such as the whistler and magnetosonic modes, can be elimi- 
nated from consideration. The electric field orientation, paral- 
lel to the static magnetic field, further restricts the possibilities, 
eliminating, for example, the various types of ion cyclotron 
and Bernstein modes which propagate nearly perpendicular to 
the static magnetic field. Essentially only two plasma wave 
modes are known which could account for all of the observed 
characteristics. These modes are the ion acoustic mode at / < 
f p * and the Bunonan (1958) mode at /* * (m /nr )* *f p \ We 
also note that Scarf ei al (1970) identified the same modes as 
the best candidates for explaining the upstream electrostatic 
noise, which is now h*\ic\ed to he the same basic plasma w,i\e 
mode delected by Helios lar from thr earth. Although Gurneit 
and Anderson (1977) argue that it * unlikely that the proper 
conditions exist in the solar wind for generating the Buneman 



Fig 8 1 sample of /,*</< / p * noise detected upstream of Fig. 9. Series of // </</,* noise bursts detected by Imp 8 Fig. 10. Iniense burst of f m * < f < f p ' noise detected during 

the earth s m.ignctoiphere in association with an intense burst of for which no protons can t* delected arriving from the bow shock a period when a substantial anisotropy is evident in the low-energy 

I- to lO-keV protons streaming into the solar wind from the bow (sec Plate 2). These waves evidently correspond lo the interplane- electron distribution (see Plate 3). 

shock (see I'.. ite I). lary /„’ < J < f n noise detected by Helios far from the earth. 
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instability, no method was available to distinguish clearly be- 
tween these two modes of propagation. 

One way of distinguishing the Buneman mode from the ion 
acoustic mode is to measure the wavelength. The two modes 
differ fundamentally in the wavelengths required to account 
for the observed frequency spectrums. Since ion acoustic 
waves only occur at frequencies less than // in the rest frame 
of the plasma, large Doppler shifts and correspondingly short 
wavelengths of tens to hundreds of meters are requited to 
account for the frequency range, (2-IO)/ p *, ’ which the noise 
is usually observed. The Buneman mode, or the other hand, 
occurs it ,i frequeno fn x . ; 4‘> f * . which icqurcs in' Doppler 
shift to account I »r the observed Ircqucucv spectrum, implying 
wavelengths of several hundred meters or more 

Since only a single electric dipole antenna is used on Helios, 


the wavelength cannot be determined However, the Imp 6 
spacecraft, w hich also detects the same waves upstream of the 
bow shock, has two antennas of dilfcrent lengths which can be 
used to estimate wavelengths The technique used consists of 
comparing the measured antenna voltages V with the tip-lo-tip 
lengths L of the antennas. For wavelengths longer than the 
antenna the antenna voltage is directly proportional to the 
antenna length, so that the computed electric field strength E 
* 2V/L is the same for both antennas However, for wave- 
lengths A computable to or shorter than the antenna this 
proportionality no longer holds. In general, we expect that 
when \ ; / the mc.tMircd electric field strength will be under- 
estimated 

On Imp 6 the electric lic.d antennas consist of two orthog- 
onal dipoles with np-io-tip lengths of /.* - 92 5 m and ~ 
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Fig. 12. Angular distribution of the electric field intensity for a 
burst of f p * < f < f P noise produced by upstreaming magnetosheath 
protons. These data show that the electric field of the proton-driven 
Ip* < I < fp“ noise is parallel to the solar wind magnetic field, 
essentially identical to the / p * < / < /,* noise detected by Helios far 
from the earth (compare with Figure 4 ). 

53.5 m ( Gurnett . 1974]. The two antennas are mounted or- 
thogonally to each other and to the spacecraft spin axis. The 
spin axis is directed normal to the ecliptic plane. Simultaneous 
measurements of the voltage spectrums from the two antennas 
are made with two identical spectrum analyzers. Because of 
their orientation the two antennas do not detect the same 
component of the electric field. However, for a steady stave 
wave spectrum, comparisons can be made by averaging over 
many rotations of the spacecraft. 

A case for which the wavelength of the interplanetary f p * < 
f < fp~ noise has been estimated by using this technique is 
shown in Figure 15. During this period. Imp 6 is upstream of 
the bow shock at geocentric radial distances from about 19 to 
26 R c and local times from about 9.8 to 10.2 hours. A sub- 
stantial level of fp* <!<!,- noise is present during this 
period. Some of these events can be associated with low energy 
protons arriving from the bow shock, whereas other events, 
such as the intense bursts from about 0520 to 0610 UT. are of 
interplanetary origin. This period of enhanced activity occurs 
shortly after an abrupt increase in the solar wind density at 
about 0500 UT (sec the top pane) of Figure 15). which pre- 
ceded the onset of a high-speed solar wind stream a few hours 
later (W. Feldman, personal communication. 1977). 

The electric held spectrums obtained from the £\ and E a 
antennas during the interval from about 0530 to 0602 UT arc 
shown in the bottom panel of Figure 16. These spectrums give 
the median values of all of the peak intensities obtained during 
this interval, computed b\ using h * 21 L Luch pom: repic- 
sents (he medun of approximately 700 individual peak mea- 
surements. Because of the impulsive temporal fluctuations a 
large number of measurements arc needed to reduce the statis- 


tical fluctuations to an acceptable level. The ratio < f the E y to 
the E a field strengths, computed from these spectrums. is 
shown in the top panel of Figure 16, with estimates of the 
corresponding error limits (one standard deviation). As can be 
seen, the E y /E t ratio is approximately I at low frequencies, f 
< 3 kHz, but deviates substantially below I at high frequen- 
cies, / £ 10 kHz. The decrease in the £,/£. ratio at high 
frequencies indicates that the longer, E, antenna is signifi- 
cantly underestimating the field strengths in comparison to the 
shorter, £, antenna. This deviation of the £*/£, ratio in- 
dicates that wavelengths shorter than L y * 92.5 m are being 
detected at frequencies above about 3 kHz. 

To demonstrate the overall accuracy and reliability of this 
technique, a corresponding analysis was performed on a band 
of whistler mode plasmaspheric hiss detected in the earth's 
magnetosphere a few hours later. It is easily shown that the 
wavelengths of these whistler mode waves are very large, much 
larger than the dimensions of the Imp 6 electric antennas. The 
results of this analysis are shown in Figure 17. As can be seen, 
the £,/£« ratio stays very close to I at all frequencies, thereby 
confirming that the wavelengths are longer than the antenna 
length. These and many other similar comparisons for a wide 
variety of plasma wave phenomena demonstrate that signifi- 
cant deviations of the E y /E a ratio IHow 1, such as the devia- 
tion in Figure 16, are not instrumental effects and can only be 
attributed to wavelengths shorter than the antenna length. 

Since the accuracy of the method has been confirmed, it is 
now of interest to compare the measurements in Figure 16 
with the wavelengths to be expected if the waves arc ion 
acoustic waves. For typical solar wind parameters r a I.5X 
10* *K it is readily shown that the ion acoustic speed C a * 
(i kT’/m'Y ' * * 35.2 km s -1 is much less than the solar wind 
velocity. For these conditions the frequency detected in the 
spacecraft frame of reference is, to a good approximation, 
given entirely by the Doppler shift (valid for / » f p * ), 

/« (^A)cos^ (I) 

where 0 tv > is the angle between the propagation vector k and 
the solar wind velocity V $w . Even though the ion acoustic 
mode can propagate at a substantial angle to the magnetic 
field 1962], the /„*</< f p ~ noise is evidently generated 
with k vectors nearly parallel to the static magnetic field, since 
the electric field is always observed to be nearly parallel to the 
static magnetic field. Thus 0 tv can be determined from the 
measured magnetic field direction; i.e., 0* v =* 0» v . By solving 
(I) for A by means of the appropriate solar wind speed V $u . * 
360 km s" 1 from Figure 15 and by means of 0* v * 22° from the 
Imp 6 magnetometer data (D. Fairfield, personal communica- 
tion. 1977) the wavelengths corresponding to each frequency 
can be calculated. These wavelengths arc shown by the wave- 
length scale at the top of Figure 16 along with the lengths L y 
and L a of the two electric antennas. As can be seen, the £,/£, 
ratio starts to deviate below I as soon as the computed wave- 
length becomes significantly shorter than the antenna. These 
comparisons show that the wavelength computed from the 
Doppler shift formula is in excellent quantitative agreement 
with the wavelength estimated from the £ t /£ v ratio (A > 92.5 
m at / * 3 kHz). 

Further evidence of short wyvclcncths is provided bi the 
upper vUtoiVoi the oinct .a! frequency spectrum .uni tl;c van.i- 

non oi thss cutull with radial distance from the sun. It is well 
known that the shortest wjvclength which can occur in a 
plasma is determined by the onset of strong Landau damping 
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Fig. 13. Low-energy electron intensity variations associated with the burst of f p * < / < /„ noise shown in Figure 10. 
The dashed curve at ** r L * 124* gives the electron intensities perpendicular to the magnetic field, and t* : solid curve at 
- 34* gives the intensities looking generally toward the sun and along the ecliptic plane projection of the magnetic field. 
The / # * < / < /*' noise occurs during periods of substantial anisotropy in the low-energy electron intensities associated 
with the electron heat flu* in the solar wind. 


at a wavelength of about 2*A 0 . where A 0 * * tJcT/ne* is the 
Debye length. The minimum wavelength X mln * 2trA D , com- 
puted from the measured plasma density n * 35 cm"* and the 
temperature T' - 1.4 X \(f °K. is approximately 27.5 m. as is 
shown at the top of Figure 16. As can be seen, this minimum 
wavelength is in excellent agreement with the observed upper 
cutoff frequency of the electric field spectrum. The dependence 
of the minimum wavelength on the plasma density. \^. r \„ 

« I n \ furthermore explain* the tendency lor the upper 
cutoir frequency /**, =» lL <lt /A m , n ) « ti** to increase wi»n 
decreasing radial distance from the sun (see Figure 6). since 
the plasma density increases closer to the sun. When the 


plasma density scaling lawn* | appropriate for the solar 
wind far from the sun. is usee, me upper cutoff frequency 
should vary approximately as / mai « l/fl, which is seen to be 
in good agreement with the observed radial variation of the 
upper cutofi frequency illustrated in Figure 6 All these com- 
parisons provide strong evidence that the low -frequency elec- 
trostatic waves detected in the solar wind by Imp 6, Imp 8. and 
Helios have short wavelengths and Doppler shifts consistent 
with the ideniittv ition of these w.i\c> as u-:i .uou^tiv waxes 
Although short wavelengths arc clearly evident lor the event 
in Figure 16. in most cases the f r ‘ < / < [ p noise detected 
b; Imp 6 docs not show these effects. The event in Figure 16 is 


ELECTRON VELOCITY. V. KMtSECf ' 


Fig. 14. Further details of the anisotropic electron distribution associated with the burst of // </< /,' noise show n in 
Figure 10. selected for times * hen the magnetic field is aligned parallel to the viewing direction of the Lepedca At 1252 UT 
the anisotropy is very small, and no /,* < / < [ 0 noise is present. At 1720 UT the anisotropy is large, particular!) at the 
lower velocities, and the /,* < j < f p ‘ noise intensities are correspondingly large. 


unusual in that the plasma density is very large, n * 35 cm**, 
and results in a minimum wavelength substantially less than 
the antenna length. For typical solar wind plasma densities at 
I AU n * 5 cm**, the minimum wavelength is approximately 
A* * 72 m, which is evidently sufficiently large to make short- 
wavelength effects undetectable even though wavelengths 
shorter than the Imp 6 antenna length. L % = 92.5 m, could 
occur. Note from Figure !6 that most of the wave energy 
occurs at wavelengths substantially larger than A mtn = 2w\„ 
and that the intensity is strongly attenuated for wavelengths 
approaching X mlM . It should also be noted that because of the 
shorter lencih of the Helios antenna* \l - ^ h for Helio< I. 
and / .*2 m lor Melto* 2). error* due to %l:»*rt-w.iselergth 

effects are not normally expected to be significant for the 
Helios measurements, except for • lusually high densities. 


Origin of the Solar Wind Ion Acolstic Waves 

Having established that the /„*</< f p - noise consists of 
short-wavelength ion acoustic waves, we now consider the 
mechanisms for generating these waves, both in the inter- 
planetary medium and in the region upstream of the bow 
shock. The observed triggering of the ion acoustic wave* by an 
increase in the electron heat flux provides strong evidence that 
the ion acoustic mode is being driven unstable by the electron 
heat flux in the solar wind, as was first suggested bv Forslund 
1 1970) 

The h.'vic rivh in^m »'ropo*cd F<- r !i i* i'1'i*- 
ir.itcd i.'’' !’ ic.dK in i •s , nrc I s . whi.i* di.ms ‘.jv ‘cr.cr.ii 

form of the reduced onc-dimensionu! electron and proton 
distribution functions in the solar wind The reduced one- 
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IMP 6. OAY ISO. MAY so. 1974 


Fig. 15. Series of //</</,- noise bursts detected by Imp 6 in association with a density compression preceding a high- 

speed solar wind stream. 


dimensional distribution function F[V) is defined by F(V) * / 
dV k /(V). where /(V) is the three-dimensional distribution 
function and dV k represents an integration over velocities 
perpendicular to the magnetic field. As is indicated, a sub- 
stantial anisotropy is produced in the high-energy, or ‘halo,’ 
electrons by the electron heat flux flowing outward away from 
the sun [Feldman et al., 1974, 1975]. Since the net current in the 
solar wind is essentially zero, except at discontinuities, the 
electron current associated with the antisunward drift of the 
energetic ‘halo’ electrons must be compensated by a sunward 
drift of the low-energy ‘core* electrons. This drift velocity V a is 
indicated in Figure 18. If the double peak in the combined 
velocity distribution function F{V) - F~(V) + (w'/w* )F*(F) 
produced by this drift is sufficiently large, then the ion acoustic 
mode is unstable. Since the drift is parallel to the static mag- 
netic field, the waves produced by this instability are expected 
to have their wave vectors and electric fields oriented approxi- 
mately parallel to the static magnetic field. The condition for 
instability is given by the Penrose criterion 


r 


a' - i 


dV > 0 


( 2 ) 


where J 0 is the vclocit) of the minimum in /•*(! ) [l\nros t\ 
I960). For equal electron and ion temperatures T * T* the 
threshold drift velocity is very large, approximately V % 3 (kT / 


nr) l,t % which is too large to be exceeded in the solar wind. 
However, if T~ » r, which is sometimes satisfied in the 
solar wind, then the threshold drift velocity for instability is 
greatly reduced, to approximately 

V, *(kr/m+)" (3) 

[K rail and Trivelpiece . I973J. For a solar wind ion temperature 
of T* * 4.0 X 10 4 the threshold drift velocity is, for 
example, only V, « 18 km s" 1 (T' » T* being assumed). For 
electron temperatures only moderately larger than the ion 
temperature the threshold drift velocity is larger than (3) by a 
factor which depends on T fT* [see Krall and Trivelpiece. 
1973]. On the basis of his analysis, Forslund [1970] concluded 
that the ion acoustic mode should be driven unstable b> the 
electron heat flux whenever 'he electron to ion temperature 
ratio is sufficiently large 

Both the observed electric field orientation and the associa- 
tion of enhanced ion acoustic wave activity with increases in 
the electron anisotropy provide substantial evidence for the 
mechanism proposed by Forslund [1970]. The detailed argu- 
ments in support of this mechanism arc. however, more in* 
vulval, sirve *' othe* .Suihic-pe *.k di^ir-hutnm unc- 

tions whicii wouij po»ioi; generate ion JwOu>uc wuves must 
be eliminated from consideration Charged particle measure- 
ments. such as those in Plates 2 and 3. clearly show that ion 
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Fig. 16. Companion of »*e electn Jd amplitudes for the burst of // < / < /,’ noise from 0530 to 0602 UT in Figure 
15 using antennas of two different !er.„ 1 .. The deviation of the £*/£, ratio below I indicates that the wavelengths of the 
waves are shorter than the longest antenna. L y « 92.5 m. at frequencies above about 3 kHz The scale at the top of the 
illustration indicates the wavelength which would occur if the observed frequencies were entirely due to Doppler shifts. 
Note the close correspondence of the upper frequency cutoff to the minimum wavelength 2w\ n caused by Landau damping. 


acoustic waves occur during times when no secondary peak is 
detectable in either the electron or the proton distribution 
functions, within the energy range (50 eV < £ < 45 kcV) and 
resolution of the Lepedea. Although electron energies less than 
100 eV were not investigated, it is almost completely certain, 
on the basis of the results of Feldman et al. ( 1975]. that double 
peaks do not occur in the electron distribution function at 
energies less than 100 cV It is possible that closely spaced 
double peaks could occur in the ion d >;nrmnon. suJi as the 
double proton streams reported by teldmdn et al 1 197 Jd]. and 
still be unresolved in the lepedea data Comparisons with 
published examples of double proton streams [Feldman et al . 


1973d] do not show a close correspondence with the occur- 
rence of ion acoustic waves: however, further detailed studies 
are needed to investigate whether double proton streams can 
under some circumstances generate ion acoustic waves. On the 
assumption that the ion distribution functions do not generally 
have the double-peaked form required to produce an instabil- 
ity. essentially the only possibility left is the double peak 
produced b\ a velocitv shift between the peaks in the electron 
and m:: distributions. illustrated in I icure I ^ 1'tc prefer. e 
ol such a velocity shift in the solar wind has now been .imply 
demonstrated by Feldman et (1974. I97S] It only remains 
to be demonstrated that th s *..nt is sufficiently large to exceed 
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Fi#. 17. Comparison of the E y /E, ratio for a broadband plasmaspheric hiss emission observed a few hours after the 
event in Figure 16. Plasmaspheric hiss has wavelengths much longer than the antenna leng'h. The close correspondence of 
the Ey/E, ratio to I confirms the overall accuracy of this technique for detecting short-wavelength effects. 


the threshold for generating ion acoustic waves. The magni- 
tude of the velocity shift, which is difficult to measure directly, 
can be estimated from the anisotropy in the halo electron 
distribution. For the event in Figure 14 at 1720 UT the flux of 
electrons along the magnetic field (first moment) is estimated 
to be 1.50 X 10* el (cm 1 s)" 1 . When the measured local plasma 
density of n - 10.1 el cm 9 is used, this flux must be com- 
pensated by a sunward drift of the core electrons at a velocity 
of about 150 km s'*. The ratio of this drift velocity to the 
electron thermal speed ( T ' - 1.5 x 10* °K being used) is 
about 0.1. W hether this drift velocity exceeds the threshold 
drift velocity for the ion acoustic wave instability is critically 
dependent on the electron to ion temperature ratio For the 
period of interest the ion temperature measured by the Los 
Alamos plasma probe on Imp 8 is f* * 7.1 x I0 4 °K. W hen a 
typical temperature of T w I 5 x 10* *K is used for the core 
electrons, the temperature ratio is T /T' * 2.14 For this 
relative!) low electron to n»n temperature r.iiio the urn acous- 
tic mode should be stable according to the curves given by 
Stringer (I9t>4) On the other hand, if a typical halo temper- 
ature of T - 7.0 X 10* *K is used, which gives T T m m 10. 


the threshold drift velocity given by equation (3), F, •* 23 km 
s' 1 (valid when T » T* ). is exceeded by a substantial factor 
Since no computer calculations of the threshold drift velocity 
are available for a realistic combination of core and halo 
electron distributions, the stability of the ion acoustic mode 
cannot be accurately determined. However, since the correct 
effective electron to ion temperature ratio is probably some- 
where in between the two extremes given by the core and halo 
temperatures, it seems likely that the ion acoustic mode is 
unstable in this :use. Further detailed analyses of the exact 
instability conditions are needed for realistic models of the 
solar wind electron distribution to answer this question 
clearly. 

For the ion acoustic waves generated by proions streaming 
into the solar wind from the bo* shock there is no question 
about which particles are responsible for the instability. How- 
ever. considerable uncertamtv Mill remjms concerning the de- 
tailed medi an m l»v winch i!ic proton stream produces the 
instability . In wonsidcnng the origin ot the instability, two 
distinctly different mechanisms can be identified ( I ) the insta- 
bility may be caused directly by the double peak in the proton 
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Fig. 18. Illustration showing the velocity shift V t between the low-energy electrons and the solar wind protons, required 
to maintain zero net current when a substantial electron heat flu* is present. If the velocity shift is sufficiently large, the 
resulting double peak in the combined electron and proton distribution function can cause the ion acoustic mode to 
become unstable. 


distribution (see Figure II). or (2) the instability may be 
caused indirectly by the shift in the velocity of the core elec- 
trons required to maintain zero net current, similar to the heat 
flux mechanism. Of these two possibilities the second mecha- 
nism is believed to be dominant. For the first mechanism, 
rough estimates show that the peak in the proton distribution 
function due to the upstreaming protons is simply too small to 
be unstable according to the Penrose criterion. Note that the 
contribution of the proton stream to F( F) is greatly reduced by 
the factor (nr /nr ) in the combined one-dimensional distribu- 
tion function, in addition to the fact that the distribution 
function for this stream is nearly 6 orders of magnitude below 
the peak due to the solar wind beam (see Figure 1 1 ). On the 
other hand, the proton flux associated with the upstreaming 
protons can be quite substintial. ^5 X 10* protons (cm 1 s) 1 . 
The upstreaming protons must therefore cause a shift in the 
velocity of the core electrons with respect to the solar wind 
protons in order to maintain zero net current. If this shift is 
large enough to produce instability, this mechanism will ex- 
plain why the ion acoustic waves driven by the upstreaming 
protons are so similar to the interplanetary ion acoustic waves, 
since the mechanisms are essentially identical. Note that halo 
electrons streaming away from the sun and sunward streaming 
protons both contribute in the same sense to the current imbal- 
ance. Detailed comparisons, however, often show that the 
intensities of the upstreaming protons are too small, by factors 
of 10-100. to produce velocity shifts exceeding the threshold 
for the ion acoustic wave instability using a simple Maxwellian 
distribu'.on for the core electrons. The detailed explanation of 
this discrepancy is not known; however, one possibility is that 
the electron heat flux maintains the plasma near marginal 
stability for ion acoustic waves, so that only a small current 
imbalance is needed to trigger the instability. Also. Feldman el 
al (1973/)] have shown that protons streaming into the solar 
wind from the earth's bow shock produce substantial per- 
turbations in the ambient solar wi.<J electron distribution. 
These perturbations and their effect on the instability condi- 
tion given by the Penrose criterion must be studied in greater 
detail before the generation mechanism of the upstream ion 
acoustic vv.ivev c m be completrlv revolved 

Numerous invc'tn'.'ioi* h.t\c -uecewed possible role* w bich 
ion acoustic turbulence may play in determining the >argc* 
xcalc properties of the soljr wind It hav been suggested that 
plasma waves can heal the solar wind ions [Fredrtik%. 1969). 


regulate the electron heat flux in the solar wind [Forslund . 
1970; Schulz and Eciatar . 1972), and thermally couple the 
electron and ion distributions ( Perkins . 1973). The extent to 
which the ion acoustic waves detected by Helios und Imp 6 and 
8 play any significant role in these processes remains to be 
determined. At I AU the maximum intensities of the ion 
acoustic turbulence are relatively small, energy density ratios 
being approximately i 9 P/2nkT » 10 V The turbulence is. 
however, present a large fraction of the time and increases 
rapidly in intensity with decreasing radial distance from the 
sun. These factors all suggest that the presence of these waves 
must be given serious consideration in the overall under- 
standing of the solar wind, particularly in relation to the 
regulation of the solar wind heat flux. 

Summary and Conclusion 

Plasma wave measurements on the solar-crbiting Helios 
spacecraft have previously show n that sporadic bursts of elec- 
trostatic turbulence are commonly observed in the solar wind 
at frequencies between the electron and ion plasma frequencies 
IGumeit and Anderson , 1977). In thii> paper we have expanded 
the earlier investigation of these waves using the Helios data 
and have compared the Helios results with similar measure- 
ments from the earth-orbiting Imp 6 and 8 spacecraft. Wave- 
length measurements with the Imp 6 spacecraft now provide 
strong evidence that these waves are short- wavelength ion 
acoustic waves at / < /„* which are Doppler-shifted upward in 
frequency by the motion of the solar wind. The upper cutoff 
frequency and the variation of this cutoff frequency with radial 
distance from the sun. <* I /A. are in close agreement with 
the short-wavelength cutoff expected for ton acoustic waves. 

Comparison with the Imp 6 and 8 data reveals that a sub- 
stantial fraction. 50-70%. of the ion acoustic wave turbulence 
detected in the solar wind near the earth is caused by supra- 
thermal protons streaming into the solar wind from the 
earth's bow shock. The* waves, which correspond to the 
upstream electrostatic * a cs first reported by Scarf el a! 
(1970). are observatior jU» indistinguishable from the ion 
acoustic waves detected by Helios Although both the up- 
stream proton-driven w tves .md the w ncs detected bv tlehos 
.ire cvidcniiv u»r acouMic w.ivcv *o?r. e di«lifui'v o ,l w-:e ,, t 
source is required to explain the Helios observations, since 
protons from the cjrth’s how shock cannot possihlv account 
for the waves detected by Helios fjr from the earth l vjminj- 
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lion of (he Imp 6 «nd 8 data reveals many examples of ion 
acoustic turbulence during periods when no protons can be 
detected coming from the earth's bow shock. These events 
evidently correspond to the waves detected b> Helios far from 
the earth. Usually in these cases there is no evidence of signifi- 
eant suprathermal electron or proton fluxes other than the 
quiescent solar wind distribution. In a few events, variations in 
the ion acoustic wave intensity were found which are closely 
correlated with changes in the anisotrop) of the solar wind 
electron distribution. These events suggest that the ion acous- 
tic turbulence is driven by the anisotropy associated with the 
electron heat flux in the solar wind, as was suggested by 
Forslund [1970) Although it seems reasonably certain that the 
electron heat flux is in some cases involved in the generation of 
the interplanetary ion acoustic waves, the association of ion 
acoustic waves with suprathermal protons from the bow shock 
suggests that the solar wind ion distributions should be investi- 
gated in greater detail to see if double ion streams and other 
nonthermal solar w ind ion distributions could also be involved 
in the generation of these waves. 
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Several types of electromagnetic waves are known to be emitted by charged 
particles on the auroral field lines. In this paper we review the most important 
types of auroral radio emissions oc^h from a historical perspective as well as con- 
sidering the latest results. Particular emphasis is placed on four type of electro- 
magnetic emissions which are directly associated with the plasma on the auroral 
held lines. These emissions are (I) auroral hiss. (2) saucers. (3) ELF noise bands, 
and (4) auroral kilometric radiation. Kay tracing and radio direction finding meas- 
urements indicate that both the auroral hiss and auroral kilometric radiation are 
generated along the auroral field lines relatively close to the earth, at rauial distances 
from about 2.3 to 5 R> , probably in direct association w ith the acceleration of auroral 
particles by parallel electric fields. The exact mechanism by which these radio emis- 
sions are generated has not been firmly established. For the auroral hiss the f avored 
mechanism appears to be amplified Cerenkov radiation. For the auroral kilometric 
radiation several mechanisms have been proposed, usually involving the interme- 
diate generation of electrostatic waves by the precipitating electrons. 

I. Introduction 

For many years it has been known that certain types of electromagnetic emis- 
sions from the earth’s magnetosphere are closely associated with the occurrence of 
auroras. As early as 1933, Burton and Boardman (1933) reported observations of 
'bursts of very-low-frequency ( VLF) 'static* which were closely correlated with flashes 
of auroral light. Later investigations using ground based VLF radio receivers firmly 
established that auroral disturbances at high latitudes are often accompanied by in- 
tense bursts of broad-band radio noise at frequencies from a few hundred Hz to over 
100kHz (Ellis, 1957; Duncan and Ellis, 1959; Dowdln, 1959; Martin et al. % 
I960; Jorgensen and Ungstrup, 1962; Morozumi, 1963; Harang and Larsen, 
1964), Because of the close association of these radio emissions with aurora and 
their broad bandwidth these emissions came to be known as auroral hiss, following 
the classification scheme of Helliwell (1965). The first satellite observations of 
auroral hiss were reported by Gurnett (1966) who showed that auroral hiss is closely 
correlated with i uense fluxes of precipitating electrons with energies less than lOkeV. 
Subsequent studies have firmly established that auroral hiss is generated along the 
auroral field lines by intense fluxes of electron* precipitating into the ionosphere with 
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energies in the range from a few hundred eV to several keV (Hartz, 1970; Gurnett 
and Frank, 1972a; Hoffman and Laaspere, 1972). Since the auroral hiss emissions 
occur at frequencies below the local electron gyrofrequency these waves must be 
propagating in the whistler mode. Simple ray tracing considerations show that the 
auroral hiss appears to be propagating downward from a source at an altitude of 
about 5,000 to 10,000km. Poynting flux measurements by Mosier and Gurnett 
(1969) showed that another type of emission, called a saucer, also occurs on the 
auroral field lines, propagating upward from a source at altitudes of approximately 
1,400 km. These VLF saucer emissions have been studied in greater detail by James 
(1976). Other electromagnetic emissions have been observed along the auroral field 
lines at even lower frequencies, from 100 to 300 Hz, by Gurnett and Frank (1972b). 
These emissions, which are called ELF noise bands, have a very narrow bandwidth 
and are also closely associated with the auroral electron precipitation. 

Since the auroral hiss, saucers, and ELF noise bands consist of internally trapped 
plasma wave modes these emissions cannot escape from the earth's magnetosphere. 
At higher frequencies, above the local characteristic frequencies of the plasma, radio 
emissions of auroral origin have been observed escaping from the earth. Since the 
ionosphere effectively blocks all radiation at frequencies below the local electron 
plasma frequency from reaching the earth's surface, escaping electromagnetic emis- 
sions of this type can only be observed by a satellite above the ionosphere The first 
evidence of intense auroral-related radio emissions escaping from the earth's magneto- 
sphere was obtained from the Elektron 2 and 4 satellites by Benediktov ei aL (1965, 
1968). These observations showed that bursts of radio noise at 725 kHz and 2.3 MHz 
were originating from the earth in close association with geomagnetic storms. Later 
DuNCKELe/o/. (1970) reported similar bursts of radio noise, also associated with 
high-latitude magnetic disturbances, at frequencies below 100 kHz. The first complete 
determination of the spectrum of these radio emissioi a was provided by the IMP-6 
spacecraft which showed that the maximum intensities are in the frequency range 
from about 100 to 500 kHz (Stone, 1973; Brown, 1973) and that the total power 
radiated from the earth is sometimes as large as 10* watts (Gurnett, 1974), com- 
parable to the decametric (3.0 to 30 MHz) radio emission from Jupiter. It was also 
determined that the intense radio bursts from the earth are directly associated with 
the occurrence of discrete auroral arcs and that the angular distribution of the escaping 
radiation is consistent with generation along the auroral field lines on the night side 
of the earth. Because of the close association of these radio emissions with auroral 
processes and the kilometer wavelength of the radiation, Kurth el al, (1975) have 
referred to this radiation as auroral kilometric radiation, which is the terminology 
that will be used in this paper. Other names for this radiation include ‘high pass 
noise' (Dunckel et al. t 1970), ‘mid-frequency noise’ (Brown, 1973), and ‘terrestrial 
kilometric radiation’ (Gurnett, 1974; Alexander and Kaiser, 1976). 

These four types of electromagnetic emissions (aurorai hiss, saucers, ELF noise 
bands, and auroral kilometric radiation) constitute all of the known electromagnetic 
plasma wave emissions from the auroral field lines. The purpose of this paper is to 
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review the present state of knowledge of these electromagnetic plasma wave emissions 
and to discuss the mechanisms by which these waves are thought to be generated. 
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Fig. I. An example of an intense broad-band auroral hiss emission associated with intense 
fluxes of tew energy, a few hundred eV. auroral electrons. The auroral hiss is indicated 
by the enhanced 7.35 and 70.0 kHz electric field intensities from about 1546 to 1549 UT, 
slightly poleward of the £>45 keV electron trapping boundary. 
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2. Auroral Hiss, Saucers and ELF Noise Bands 

A typical example of an auroral hiss event detected by a low-altitude polar- 
orbiting satellite is shown in Fig. 1 . This event illustrates the primary identifying 
characteristics of auroral hiss, consisting of (1) the very broad frequency range of 
the emission, usually from a few kHz to several tens of kHz, (2) the large electric 
field intensities, often exceeding 1 mV m"‘ broad band electric field strength, (3) the 
occurrence in a narrow latitudinal band centered on the auroral zone, typically only 
S to 10° wide, and (4) the close association with intense fluxes of low energy, lOOeV 
to 1 keV, electrons. The spatial distribution of the auroral hiss over the polar region 
is illustrated in Fig. 2 (from Hughes el al., 1971), which shows the frequency of 
occurrence of VLF magnetic field intensities greater than 10" 11 gamma 1 Hz -1 at 9.6 
kHz. The maximum occurrence of auroral hiss closely follows the auroral oval, 
varying from about 80° invariant latitude on the day side of the earth to about 72° 
invariant latitude on the night side of the earth. A pronounced dawn-dusk asymmetry 
is clearly evident, with a distinct minimum in the auroral hiss occurrence in the local 
morning from about 2 to 8 hr magnetic local time. This dawn-dusk asymmetry is 
probably related to the dawn-dusk asymmetry in the spectrum and intensity of the 
precipitating auroral electrons, in particular to the low intensity and diffuse char- 
acter of inverted-V electron precipitation events in the local morning (Frank and 
Ackerson, 1972). The relationship of the auroral hiss emission to the spectrum of 
the auroral electron precipitation is illustrated in further detail by the event in Fig. 3 

(from Gurnett and Frank, 1972a), which shows that the auroral hiss emission 

% 
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Fig. 2. The frequency of occurrence distribution of auroral hiss at 9.6 kHz 
as a function of invariant latitude and magnetic local time. Only events 
with magnetic held intensities greater than 10- ,s gamma 1 Hz- 1 are counted 
(from Huohes etal ., 1971). 
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Fig. 3. High resolution frequency-time spectrograms of electric and magnetic fields detected 
by the Injun 5 spacecraft at an altitude of about 2,500km showing the occurrence of 
Auroral hiss, saucer emissions and an ELF noise band in close association with an 
inverted-V electron precipitation event (from Gurnett and Frank. 1972a). 

occurs in direct association with'an intense inverted-V electron precipitation event 
of the type first discussed by Frank and Ackerson (1971), A VLF saucer emission 
is also evident near the low-latitude boundary of the electron precipitation region* 
Both the auroral hiss and the saucer emissions are characterized by a V-shaped 
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frequencytime structure. This characteristic frequency-time variation is a spatial 
effect caused by the frequency-dependent limiting ray direction of the whistler mod* 
at large wave normal angles (Mosiir and Gi'rnett, 1969). Essentially the source 
illuminates a region along the magnetic field with a beam-width which increases 
with increasing frequency. As the spacecraft approaches the auroral held lines the 
highest frequencies are encountered first, since these rays can propagate at the largest 
angle to the magnetic field. The essential distinction between the auroral hiss and 
the saucet emissions is the direction of propagation, which is downward for the 
auroral hiss and upward for the saucers. Although the particles responsible for the 
downward propagating auroral hiss have been identified as invcrted-V electrons, the 
particles responsible for the saucer emissions have not yet been established. It seems 
most likely that the upward propagating saucer emissions are produced by upward 
streaming ionospheric electrons of very low energy, -few eV, which constitute the 
return current for the nearby invcrted-V electron precipitation. This relationship 
is illustrated schematically in Fig. 4. For observing altitudes in the ranyte from about 
1,300 to 3,000km the latitudinal width of the saucer emissions, 10 »o 100km, n 
usually somewhat smaller than the width of the auroral hiss. 100 to 500 km. The 
saucers also have very sharp spectral structure, indicating a very small source region, 
whereas the auroral hiss is much more diffuse, indicating a broader more extended 
source. 

The event in Fig. 3 also illustrates the occurrence of ELF noise bands in the 
same region as the inverted-V electron precipitation and the auroral hiss. The elec- 
tromagnetic character of these narrow band emissions is cleans indicated by their 
detection with both the electric and magnetic antennas. I’oynting flux measurements 
indicate the presence of both upgoing and downgoing components. These emissions 
occur near but below the local proton gy tofrequeney . Since the polarization of 
these waves has never been measured it is not known whether these emissions are 
propagating in the whistler mode or the ion cyclotron mode. 
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F.«. 4. A schematic illustration showing the spatial 
relationships between the downward propagating 
auroral hiss and the upward propagating saucer 
amissions for events such as in l'ig. J. The associa- 
tion of the saucer emissions with upward streaming 
ionospheric electrons has not yet been confirmed 
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Electromagnetic Plasma Wave Emissions from the Auroral Field Lines 2(3 

3. Auroral Kilometric Radiation 

The intense radio emissions escaping outward from the earth's auroral regions 
at frequencies above the local electron plasma frequency are characterized by a very 
intense peak in the frequency spectrum from about 100 to 500 kHz. Figure 5 shows 
the median power flux spectrums of this radiation at various local times around the 
earth, as measured from the IMP-6 spacecraft at radial distances greater than 25 R K 
(Kaiser and Alexander, 1977). The intensity of this noise is highly variable and 
is closely correlated with the auroral electrojet index, AE. During geomagnctically 
quiet times the radiation intensity at 25 R e is often completely below the galactic 
background, whereas a. other times the intensity can be us much as six to eight 
orders of magnitude above the galactic background. Power fluxes as large as 10'“ 
watts m^Hz- 1 have been observed at 30 R E , with even larger intensities closer to 
the earth (Gurnett, 1974). The occurrence of intense bursts of kilometric radiation 
is closely associated with the occurrence of auroral arcs. This association is illustrated 
in Fig. 6, which shows the occurrence of intense bursts of kilometric radiation at 
178 kHz during periods (passes 1094 and 1096) when discrete auroral arcs are present 

A-07T-5T* 
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1 At >100 

Fig. 5. Median spectrums of auroral kilometric radiation observed at various local times 
around the earth by the IMP-6 spacecraft at radial distances A>23Rt:. The three 
spectrums in each plot are for various ranges of the auroral electrojet, AE , index. The 
kilometric radio emissions from the earth are closely correlated with auroral zone cur- 
rents as indicated by the AE index (from Kaiser and Alexander, 1977). 
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Fi|.6. The intensity of auroral kilometric radiation at 178 kHz observed about JO Ri from 
the earth and a sequence of photographs of the aurora taken by a low-altitude satellite 
over the northern polar region. The intense bursts of auroral kilometric radiation arc 
seen to be closely correlated with the occurrence of discrete auroral arcs. 


and no radiation during periods (passes 1093, 109$ and 1097) when no discrete arcs 
are present. The association with discrete arcs provides substantial evidence that 
the generation of auroral kilometric radiation is closely associated with invcrtcd-V 
events, since the invcrted-V electron precipitation is associated with discrete arcs. 
Both direction finding measurements (Kurth ft al., 1975; Kaiser and Stom . 1975) 
and lunar occultation measurements (Alexander and Kaiser. 1976) show that the 
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moat intense bursts of kilometric radiation come from the auroral fleld lines on the 
night side of the earth at radial distances ranging from 2 to 5 R t . These results ere 
illustrated in Fig. 7, which shows a series of source positions obtained by occultation 
measurements from the RAE-2 spacecraft in orbit around the moon. The moon in 
this case was in the dusk meridian plane (magnetic local time ~ 17.5 hr) so that the 
day-night position of the source can be resolved. The occultation measurements at 
1255, 1635 and 2020 UT indicate the occurrence of multiple sources located at various 
points along a magnetic field line at about 70 to 75* invariant latitude. Occasionally 
day-side sources are also observed (Alexander and Kaiser, 1976, 1977), apparently 
associated with the day-side polar cusp region. The day-side sources occur less 
frequently and are less intense than the night-side sources. Angular distribution 
measurements by Green et al. (1977) are also consistent with a night-side, high- 
latitude source for the intense auroral kilometric radiation. A typical angular dis- 
tribution is illustrated in Fig. 8, which shows the frequency of occurrence of auroral 
kilometric radiation intensities above a preset threshold at 178 kHz as a function of 
the magnetic latitude and magnetic local time of the observing point. A sharp low- 
latitude boundary is evident, varying from about 45° on the day side of the earth 
to near the equator on the night side of the earth. At large distances from the earth 
this cutoff forms a cone-shaped boundary, with the axis of the cone tipped toward 
local evening (—22 hr, magnetic local time) by about 20°. The radiation is confined 
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Fig. 7. Source positions for auroral kilometric radiation as determined 
by lunar occultation measurements with the RAE 2 spacecraft in 
orbit around the moon (from Alexander and Kaiser, 1976). 
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MAGNETIC LOCAL TIME (HOURS) 

Fig. 8. The angular distribution of auroral kilometric radiation with intensities above a 
given threshold as a function of magnetic latitude and magnetic local time. 

almost entirely to the poleward side of this boundary. Symmetrical cone-shaped 
boundaries are present in the northern and southern hemispheres, evidently cor* 
responding to sources in the northern and southern auroral regions, respectively. 

Detailed studies have shown that these cone-shaped boundaries are strongly frequency 
dependent, with the solid angle of the emission region increasing with increasing 
frequency. Multiple satellite studies have also shown that the entire region poleward 
of t.ie cone-shaped boundary is illuminated with comparable radiation intensities. 

Ray tracing studies show that the general features of the angular distribution 
of the auroral kilometric radiation can be explained by relatively simple propagation 
considerations if the radiation is generated by a small localized source at about 2 to 
3 R t along an auroral field line on the night side of the earth. Some typical ray 
tracing results are illustrated in Fig. 9, wnich shows the distribution of ray paths at 
various frequencies for a representative model of the polar ionosphe;e. Because the 
index of refraction decreases with decreasing altitude the general effect is for the ray 
paths to be refracted upward away from the ionosphere, thus producing a low-latitude 
cutoff in the region accessible to the radiation. Detailed calculations of the distribu- 
tion of intensity within the accessible region cannot be performed without a more 
detailed understanding of the generation mechanism. However, the overall features 
of the angular distribution can be understood from propagation considerations of 
this type. At the present time the polarization of the auroral kilometric radiation 
has not been directly measured. Several indirect methods indicate that the polariza- . » 

tion is right hand with respect to the magnetic field in the generation region. For 
example, comparison of ray paths for the right and left hand modes of propagation, 
as in Fig. 9, with observed angular distributions, as in Fig. 10, give the best fit and 
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Fig. 10. Both the auroral hiss and auroral kilometric radiation appear to 
originate from a common region at about 2.0 to 5.0 R* along the auroral 
field line. This regioo is believed to correspond to the region of parallel 
electric fields responsible for the auroral electron acceleration. 

coiuiatency if the radiation it right-hand polarized. Furthermore, recent observations 
by Gurnett and Green (1978) of a cutoff in the spectrum of the auroral kilometric 
radiation at the local electron gyrofrequency are consistent with the expected prop- 
agation cutoff of the right-hand polarized extraordinary (R-X) mode. Right-hand 
polarization is alto consistent with the polarization of the decametric radiation from 
Jupiter (Warwick, 1967). which is thought to be fundamentally similar to the ter- 
restrial kilometric radiation. 

4. Generation Mechanisms 

When comparing these various auroral electromagnetic emissions one cannot 
help but be impressed by the close similarity of the spatial regions within which the 
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Electromagnetic Plasma Wave Emiuiom from the Auroral Field Line* 2W 

auroral hiss and the auroral kilometric radiation are generated. In both cases the 
radiation is believed to be generated in a relatively small region along the auroral 
field lines at about 3.0 R r radial distance. Evidence that the source region ie relatively 
small and localized it provided by the distinct V-shaped spectral features often ob- 
served in the auroral hiss and by the small angular size of the auroral kilometric 
radiation source obtained from the direction finding and lunar occultation measure- 
ments. Although no evidence exists showing that these two types of radiation origi- 
nate from exactly the same region the evidence does strongly suggest that the two 
source regions overlap to a substantial extent. Since both the auroral hiss and the 
auroral kilometric radiation are closely associated with the inverted-V electron pre- 
cipitation it seems most likely that the generation of these radio emissions is closely 
related to the acceleration of these electrons. Substantial evidence now exists 
(Haerendel ei al., 1976; Mozer et al., 1977) showing that precipitating auroral 
electrons are accelerated by parallel electric fields at altitudes ranging from 5,000 to 
13,000km, in the same general region where these radio emissions are produced. 

Although both the auroral hiss and the auroral kilometric radiation appear to 
originate from a common spatial region, distinctly different mechanisms are required 
to explain these two types of radiation since they are propagating in different plasma 
wave modes. As shown in Fig. 10, the whistler-mode auroral hiss must be generated 
at frequencies below the local electron gyrofrequency , whereas the auroral kilometric 
radiation must be generated at frequencies above the local electron plasma frequency. 
For many years it has been suggested that auroral hiss is produced by incoherent 
Cerenkov radiation from the precipitating auroral electrons (Ellis, 1957; Jorgensen, 
1968; Lim and Laasperl, 1972; Taylor and Shawhan, 1974). Although the 
Cerenkov mechanism has many desirable features, it is generally concluded that 
this mechanism produces power fluxes which are several orders of magnitude too 
low to explain the observed auroral hiss intensities. At the present time the best 
possibility for explaining the observed auroral hiss intensities appears to be the mech- 
anism proposed by Maggs (1976), in which incoherent Cerenkov radiation generated 
by the precipitating electron beam is amplified to higher intensities by a whistler- 
mode instability. Similar mechanisms also appear to be responsible for the generation 
of saucer emissions (James, 1976), although the details have not been investigated 
as thoroughly as for the auroral hiss. Cerenkov radiation has also been considered 
as a mechanism for generating the auroral kilometric radiation and again the com- 
puted power fluxes are much too small. Rough estimates indicate that an overall 
efficiency of 0.1 to 1% i* required for the generation of this radiation. Such high 
conversion efficiencies can only be produced by a coherent plasma instability. Insta- 
bility mechanisms which have been proposed include the generation of escaping 
electromagnetic radiation by interactions between electrostatic waves at the upper 
hybrid resonance (Benson, 1973; Barbosa, 1976), by interactions of the precipitating 
electron beam with ion turbulence (P*: iadesso rtal.. 1976), by electrostatic waves 
produced by energetic ions streaming outward from the auroral regions (Boswell, 
1977), and by direct conversion via coherent electi on cyclotron emission from the 
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precipitating electrons (Melrose, 1976). At the present time, no concensus exists 
tbout which, if any, or these mechanisms can account for the intense kilomett ic 
radiation from the earth's auroral regions. 


3. Conclusions 

It is evident that the auroral particle distributions produce a variety of complex 
and very interesting electromagnetic emissions. At the present time the mechanisms 
by which these electromagnetic emissions are generated are rather poorly understood 
and the full explanation cf these radio emission processes represents a significant 
challenge to both the theorists and the experimentalists. It should, however, be 
possible to arrive at a reasonably clear understanding of how these radio emissions 
are generated since a great deal is already known about the charged particle distribu* 
tions and processes which occur along the auroral field lines and our understanding 
of these processes is advancing rapidly. Because a comparable detailed knowledge 
of the charged particle distribution will probably never be known for most other 
radio sources in the universe, the study of these terrestrial radio emissions provides 
a unique opportunity to extend our understanding of similar eiectromagnetic plasma 
wave emissions from other planets and astronomical objects. 

Tbit research was supported in part by the National Aeronautics and Space Administration under 
Contracts NASM1257. NAS1-I3129 and NAS5-II43I and Grants NGL* 16 001-002 and NGL-16-001- 
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The Heliocentric Radial Variation of Plasma Oscillations Associated 

With Type III Radio Bursts 

D. A. Gurnett, R. R. Anderson, F. L. Scarf,' and W. S. Kurth 

Department of Physics and Astronomy. University of Iowa. Iona City, low a 5*242 

A survey is presented of all of the electron plasma oscillation events found to date in association with 
low-frequency type III solar radio bursts using approximately 9 years of observations from the Imp 6 and 
8. Helios I and 2. and Voyager I and 2 spacecraft. Plasma oscillation events associated with type III radio 
bursts show a pronounced increase in both the intensity and the frequency of occurrence with decreasing 
heliocentric radial distance. This radial dependence explains why intense electron plasma oscillations are 
seldom observed in association with type III radio bursts at the orbit of the earth. Possible interpretations 
of the observed radial variation in the plasma oscillation intensity are considered. 


I. Introduction 

The currently accepted model for the generation of type III 
solar radio bursts is that these radio emissions are produced by 
nonlinear processes involving electron plasma oscillations ex- 
cited by solar flare electrons streaming outward through the 
solar corona. The electron plasma oscillation mechanism, first 
proposed by Ginzburg and Zheleznvakov [1958], has become 
the basic element of essentially all theories of type III radio 
bursts, with suitable refinements to account for various types 
of nonlinear interactions [S/um>c*. 1961; Tidntan et ai. 1966: 
Papadopoulos et al. . 1974: Smith, 1974). Although the plasma 
oscillation mechanism has been widely accepted for many 
years, only in the past two years have measurements been 
obtained which definitely establish the existence of these elec- 
tron plasma oscillations. Initially, studies by earth-orbiting 
satellites failed to detect electron plasma oscillations in associ- 
ation with type III radio bursts [Kellogg and Lin. 1976]. After 
searching through nearly 4 years of data from the earth-orbit- 
ing Imp 6 and 8 satellites, only one type III event was identi- 
fied with clearly associated electron plasma oscillations [Gur- 
nett and Frank, 1975). However, the intensity of this event. 

100 pV nr 1 , was much too small to account for the observed 
radio emission intensities. The first observations of electron 
plasma oscillations with intensities sufficiently large to explain 
type III radio emissions were obtained from the Helios I and 2 
solar probes, in orbit around the sun at radial distances rang- 
ing from 0.29 to I 00 AU [Gumett and Anderson. 1976. 1977]. 
In the initial survey of the Helios 1 and 2 plasma wave data, 
three events were found with electron plasma oscillation in- 
tensities exceeding I mV m '. All of these events occurred 
relatively close to the sun. at heliocentric radial distances of 
less than 0.45 AU. 

Since the initial survey of the Helios I and 2 data the 
quantity of data available for analysis has increased consid- 
erably. and several more intense electron plasma oscillation 
events have been identified in association with type III radio 
bursts. Approximately 1 2 months of plasma wave data are also 
available from the Voyager I and 2 spacecraft at radial dis- 
tances of from 1.0 to 2.2 AU. A description of the plasma wave 
instrumentation on the Voyager I and 2 spacecraft is given by 
Scarf and Gurnet t [1977]. From these data it is found that the 
most intense electron plasma oscillations. ^ 1-10 mV m _l . are 
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usually detected relatively close to the sun. at heliocentric 
radial distances of less than 0.5 AU. and that only weak 
events, ^ 100 mV m -1 , are detected near and beyond 1.0 AU. 
These observations indicate the presence of a strong radial 
variation in the electron plasma oscillation intensities associ- 
ated with type III radio bursts, decreasing rapidly with increas- 
ing radial distance from the sun. The purpose of this paper is 
to survey the characteristics of all of the electron plasma 
oscillation events observed to date in association with type HI 
bursts and to investigate the variation in intensity of these 
events with radial distance from the sun. 

2. Survey of Events Analyzed 

Up to the present time a total of 18 type III solar radio 
bursts have been detected with clearly associated electron 
plasma oscillations. The total quantity of data surveyed to 
identify these events consists of approximately 4 years of ob- 
servations from Imp 6 and 8 [Gumett and Frank, 1975]. 4 years 
of observations from Helios I and 2. and 12 months of obser- 
vations from Voyager I and 2. These data include 153 type III 
radio bursts which were detectable at frequencies below 178 
kHz. Since only 18 of these events occur in association with 
plasma oscillations, it is evident that the chance of detecting 
the plasma oscillations responsible for a type III radio burst is 
quite small, approximately 12%. 

The typical characteristics of the events detected are illus- 
trated in Figures 1 and 2. w hich show the electric field strength 
in four adjacent frequency channels for each of the 18 events. 
The solid line in each plot gives the maximum electric field 
strength, and the solid black area (or vertical lines in the case 
of days 208 and 209) gives the average electric field strength. 
The spectrum analyzers on Imp 6. Imp 8. Helios I. and Helios 
2 all have continuously active channels with peak detection so 
that any signal within the time resolution of the instrument 
(^50 ms) is ulways detected by the peak field strength mea- 
surement. The maximum field strengtn shown in each channel 
is the largest peak field strength in the interval since the pre- 
vious point plotted. For Voyager I, which docs not have peak 
detection, the maximum field strength is computed from all of 
the average field strengths available in each interval plotted. 
The type III radio bursts in Figures I and 2 arc in most cases 
easily identified by the smooth increase in the field strength 
over a period of several tens of minutes and by the character- 
istic decrease in the emission frequency with increasing time. 
The electron plasma oscillations associated with these events 
usually consist of a series of brief but very intense narrow band 
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Fig. I. All of the type lit radio noise bursts and associated electron plasma oscillation events observed to date at 
heliocentric radial distances beyond 0 5 AU The solid line gives the maximum electric Held intensity, and the solid black 
areas (or vertical bars for days 208 and 209) give the average electric Held intensity. The plasma oscillations beyond 0.5 AU 
are generally very weak, typically ^lOOjtV m *. and occur very infrequently in comparison with the total number of type 


III bursts. 

bursts it the local electron plasma frequency. These bursts 
usually occur shortly after the onset of the type III radio 
emission in the next higher frequency channel. The maximum 
electric Held intensity is always much larger than the average 
electric Held intensity, indicating that the plasma oscillations 
consist of many short impulsive bursts. The impulsive intensity 
variations of the plasma oscillations are illustrated in greater 
detail in Figure 3. which shows a high-time resolution snap- 
shot of the plasma oscillation intensities associated w»th the 
day 92. 1976. event The most intense burst detected during 
th»% interval lasted only a few tenths of a second. Large tem- 
poral variations are evident on time scales comparable to the 
time resolution (50 ms) of the instrument. 


To illustrate the variation in plasma oscillation intensity 
with heliocentric radial distance, the events in Figures I and 2 
have been arranged with all of the events at radial distances 
greater than 0.5 AU in Figure I and all of the events at radial 
distances less than 0.5 AU in Figure 2. Comparison of these 
illustrations shows that the plasma oscillations are more in- 
tense in the region closer to the sun. Although more events 
have been detected beyond 0.5 AU than inside of 0.5 AU. 
considerations of the relative observing times in the two re- 
gions show that the frequency of occurrence of plasma oscilla- 
tions is significantly higher in the region closer to the sun. 
Because of the eccentric orbits of the Helios spacecraft, with 
aphelion near 1.0 AU and perihelion near 0.3 AU. the frac- 
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tional observing time inside of 0.5 AU is only about 25^\ It is 
estimated that only about 1 year of total observing time is 
available inside of 0.5 AU, compared with 8 years of combined 
observing time outside of 0.5 AU. Since eight events have been 
detected in only I year at R S 0.5 AU. compared with ten 
events in 8 years at R > 0.5 AU, we estimate that the chance of 
detecting plasma oscillations in association with a type III 
radio burst is almost 10 times larger in the region inside of 0.5 
AU than in the region beyond 0.5 AU. 

As can be seen from Figure I. most of the plasma oscillation 
events beyond 0.5 AU are quite weak, typically only a few 
hundred microvolts per meter. In many of these cases it is 
probably questionable whether these weak plasma oscillations 
could be responsible for the observed radio emission in- 
tensities, even though the close time coincidence indicates that 
they are produced by the same particles which are responsible 
for the type III radio emission. Probably the only events in 
Figure I which are strong enough to account for the observed 
type III radio emission intensities, according to current theo- 
ries, arc on days 316 and 341, 1977. As is evident in Figure 2, 
the plasma oscillations inside of 0.5 AU are generally much 
more intense, typically 1-10 mV nr 1 . According to the esti- 
mates of Gurnet t and Frank (1975). plasma oscillations in this 
intensity range are required to explain the observed type III 
radio emission intensities. For the intense events the onset of 
the plasma oscillations is usually very abrupt, as it is on days 
92, 108, 1 12, 278. and 279, and consistently occurs about 10-30 
min after the onset of the radio burst in the next higher 
frequency channel. Detailed comparisons show, however, that 
the onset time is usually a little loo late to be consistent with 
generation of the type III radio emission at the second har- 
monic of the electron plasma frequency | Fainherg and Stone , 
1974; Kaiser 1975; Garnett et a/., !978|. If the radiation is 


generated at the second harmonic, as is widely believed, then 
the plasma oscillations should start w hen the frequenev of the 
type III radio emission reaches the second harmonic. 2 /„*. of 
the local electron plasma frequency. As can be seen for the 
events on days 91. 92. 108, 1 12. and 341. the plasma oscilla- 
tions start well after the frequency of the type III emission 
drops below 2/,'. The disagreement in these cases may in- 
dicate that the radiation was being generated at the tur.Jurvfr 
tal rather than the second harmonic, that plasma oscillation* 
were present but on time scales too small (< 50 ms) to be 
detected, or that the plasma oscillations were occurring in 
small regions or filaments which by chance were not encoun- 
tered until well after the leading edge of the emission region 
bad swept past the spacecraft. The events on day 341 in Figure 
1 and day 108 in Figure 2 also show another interesting elTcct, 
which is a nearly constant peak electric field amplitude lor 
time intervals of almost half an hour. These nearl) constant 
electric field amplitudes are almost certainly the result of some 
nonlinear saturation mechanism which limits the maximum 
attainable electric field amplitude. 

The radial variation ol the maximum dearie field amplitude 
with radial distance from the sun is shown in Figure 4 Thi* 
illustration shows the maximum electric field amplitude lor 
each of the 18 plasma oscillation events shown in Figure* I 
and 2. A best fit power law through all of the point* indicate* 
that the electric field amplitude varies approximate!) a* 1 1 
Although the limited number of events strong!) re*in*u 
the accuracy with which the detailed radial dependence wan he 
determined, the general trend toward decreasing field strength 
with increasing radial distance from the sun i* uinni*t iMv. 
especially when consideration is given to the muw!' .*rc.»u-r 
observing time near 1.0 AU compared with region* Jo*ct to 
the sun. 
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Fig. 3. A high-time resolution snapshot of the electron plasma oscillations associated with the event on day 92, 1976. in 
Figure 2. The plasma oscillations are seen to occur in short intense bursts lasting only a few tenths of a second. In some 
cases the temporal variations occur on time scales which approach the time resolution (50 ms) of the instrument. 


3. Discussion 

These measurements show that the electric field strength of 
electron plasma oscillations associated with type III radio 
bursts decreases rapidly with increasing radial distance from 
the sun. This radial variation provides a partial answer to the 
question of why electron plasma oscillations are so seldom 
observed in association with type III radio bursts at the orbit 
of the earth. Evidently, by the time the beam of electrons 
which produces the type 111 radio emission reaches the earth, 
the velocity distribution function has evolved to the point that 
the plasma oscillations are only weakly unstable or not un- 
stable at all. Closer to the sun the distribution function is 
evidently more unstable, leading to more intense plasma oscil- 
lations. The observed radial variation of plasma oscillation 
intensities is also consistent with the frequency spectrums of 
type III radio bursts, which usually decrease in intensity with 
decreasing frequency, indicating a decreasing emissivity (hence 
plasma oscillation intensity) with increasing radial distance 
from the sun. 

Qualitatively, the decreasing plasma oscillation intensity 
with increasing distance from the sun fits in reasonably well 
with what one would expect, since the temporal dispersion of 
the emitted electron beam tends to intensify the unstable part 
of the electron velocity distribution function in the region 
closer to the sun, causing larger electric field amplitudes. A 
quantitative understanding of the observed radial variation, 
however, will require a detailed understanding of the nonlinear 
effects which saturate or limit the growth of the plasma oscilla- 
tions and of the wave-particle interactions which influence the 
evolution of the electron beam as it propagates outward from 
the sun. Saturation effects are usually characterized by the 
dimensionless ratio of the electric held to plasma energy den- 
sity, EV8r«A T. which for a given distribution function reaches 
an approximately constant asymptotic value after the instabil- 


ity has grown into the nonlinear regime. Numerical simula- 
tions [Armstrong and Montgomery . 1967) for strongly unstable 
distributions typically show that after several hundred plasma 
periods the energy density ratio P/%wnkT approaches a con- 
stant asymptotic value characteristic of the initial beam in- 
tensity. Since the plasma density increases with decreasing 
distance from the sun approximately as n « (I//?)* and the 
temperature T remains nearly constant, the electric held 
strength would be expected to vary as E « (I/A) if the asymp- 
totic energy density ratio remains constant, independent of the 
radial distance. On the basis of the results in Figure 4 it is seen 
that the electric held strength varies much more rapidly than 
(I /A), which means that changes in the electron beam charac- 
teristics are significantly modifying the asymptotic value of the 
saturation energy density ratio between 0.3 and 1.0 AU. Typi- 
cal values for the energy density ratio vary from about P ' 
SwnkT * I0’ # at 0.3 AU to about 5 X 10 • at 1.0 AU. 

Because of the complex evolution and interaction of the 
electron beam with the background plasma, numerical simula- 
tions are clearly needed to understand these radial depen- 
dences. Calculations of the propagation of solar electron 
streams have been performed by Magelssen and Smith [I97?|, 
assuming that the plasma oscillation intensities are controlled 
by quasi-linear interactions [Smith and Fung, 1971). Overall, 
the results of Magelssen and Smith predict the correct general 
behavior, with approximately the right plasma oscillation am- 
plitudes. However, detailed comparisons show significant dis- 
agreements with observations. The observed radial variation 
in the electric field energy density (in Figure 4) decreases more 
rapidly than predicted by the computer simulation, and the 
observed rapid spikelike variations in the plasma oscillation 
intensities have no resemblance to the smooth mtensitv \ in.i- 
tions predicted by the quasi-linear model. Further simulations 
using more complex models for the nonlinear beam plasma 
interactions, such as those discussed bv « i »j/ 
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Fig. 4. A scatter plot of the maximum electric Held strengths ot the 
plasma oscillations in Figures I and 2 as a function of heliocentric 
radial distance. The electric Held strength of the pla>ma oscillations 
decreases rapidly with increasing radial distance from the sun. varying 
approximately as /f *V 


( 1974), Bard well and Goldman [1976), and Rowland and Papado- 
poulos (1977). need to be performed to sec if more complex 
models of the beam stabilization mechanism provide better 
agreement with the observations. 
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Auroral Kilometric Radiation: Time-Averaged Source Location 

Dennis L. Gallaoher and Donald A. Ournett 

OtfarimrrM of Physics and Autonomy, University of Iowa, low* City, low * $2242 

The location or the average generation region of auroral kilometric radiation it found by studying av- 
erage elcctnc held strengths at a function of spacecraft position in narrow frequency bands centered at 
178. 100. and 5ft 2 k He. A combined 5 sears of data from the University of Iowa plasma wave expen- 
menu on satellites Hawkeye I and Imp ft provide the basis for determining the average electric held 
strengths. Hawkeye I is as in a highly elliptical, polar orbit with an apogee near 21 R t over the northern 
polar region, and Imp ft was in a highly elliptical, near-equatonal orbit with an apogee of 33 A # . To- 
gether these satellites provide extensive coverage from 3 to 21 R, in the northern hemisphere and inside 
of 3 /t A in the southern hemisphere Intense sources of auroral kilometnc radiation are found in the 
northern and southern hemispheres Their locations are near ft3 9 invariant latitude in their respective 
hemispheres, between 22 and 14 hours magnetic local time, and near 2.5 R, The total time-averaged 
power generation is found to be about 10' W. assuming a spectral bandwidth of 200 kHt. Propagation 
effects limit the emission cone of amoral kilometric radiation in a given hemisphere to roughly 4. 1 sr at 
178 kHt, 2.2 sr at 100 kilt, and 1.3 sr at 5ft 2 kHz Evidence that the polar cusp region is illuminated at 
distances as close as 4 R, suggests the possibilit; that prcvit -sly observed polar cusp sources are ‘he re- 
sult of scattering from field-aligned density irregularities. 


I. Introduction 

This study of electric field intensities has been undertaken 
to resolve uncertainties in the location of intense sources of 
earth-related kilometnc radiation. From the earliest observa- 
tions by Benediktov et at. |I965, 1968]. evidence submitted by 
numerous investigators has pointed to widely varying loca- 
tions for the origin of the very intense and sporadic kilometnc 
radiation which has a sharply peaked spectrum between 100 
and 300 kHz Benediktov et at. (1965. I9ft8| correlated radio 
emissions between 0.725 and 2.3 M H/ with geomagnetic activ- 
ity and concluded that the source is near the eanh. Dumkel et 
al. 1 1970) reponed that this intense radiation is observed pri- 
marily in the local nighttime and is strongly correlated with 
the auroral electrojet (/<£) index. A source location in the tail 
region of the magnetosphere for sporadic noise at 250 kHz 
was observed by Stone (I973|. Ournett |1974] presented a fre- 
quency of occurrence study of kilometric radiation showing g 
conical radiation pattern centered at the earth, at high lati- 
tudes in the local evening, and referred to this intense radia- 
tion as terrestrial kilometric radiation. Gurnett demonstrated 
that the observed conical radiation pattern could be explained 
if the source location of the radiation was on an auroral field 
line at s3 R, (earth radii). Gurnett also showed that the kilo- 
metric radiation was closely associated with discrete auroral 
area. The two-component source model proposed by kaiser 
and Stone (1 975) described a less intense, quasi-conttnuous 
dayside source m addition to the intense, sporadic mghtside 
source described by Gurnett. Using the direction- finding tech- 
nique of analyzing spin-modulated eiectnc field intensities 
from satellites Hawkeye I and Imp 8. kunh et at. |I975| re- 
poned the average source location of auroral kilometnc radia- 
tion between I and 2 A* and at about 20 hours magnetic local 
time. In another expenment. lunar occultations of intense 
kilometnc radiation observed with Rae 2 were used by Kaiser 
and Alexander (1977) to locate apparent source origins. The 
most intense source observed was the auroral source described 
by kunh et at |I975|. Emissions were also observed in the re- 
gion of the polar cusp and magnetosheath on the da wide oi 
the eanh 
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Such diverse observations of the source locations of the in- 
tense kilometric radiation have produced the very difficult 
task of finding a single mechanism for the generation of the 
radiation, which will operate under widely varying plasma 
conditions. Toward resolving the dilemma. Alexander et al. 
(1978) have recently given strong evidence that kilometnc ra- 
diation generated near the earth at auroral latitudes may be 
scattered at large distances in the magnetosheath and solar 
wind, thereby appearing to come from distant sources. Fol- 
lowing this explanation of the observation of distant ki'.omet- 
ric radiation sources, two types of terrestrial kilometric radia- 
tion observations remaio to be examined. The strongest 
component is auroral kilometric radiation, which is known to 
ongtnate within 5 R, at auroral latitudes and in the local eve- 
ning. Other less intense components discussed by Alexander et 
al. (1978) art observed between 5 and 15 R, and appear to 
come from sources aligned along a specific family of geomag- 
netic field lines. An example is the polar cusp sources ob- 
served by Aimer and Alexander (1977). In summary, these 
studies have found source locations by lunar occultation tech- 
niques and by examining spin- mod ulated eiectnc field in- 
tensities. The methods determine the instantaneous positions 
of apparent sources of intense kilometric radiation. Such an 
apparent source may represent a generation region of ihe ra- 
diation or scattering from localized inhomogeneities in plasma 
density. 

The present study will determine which regions in the mag- 
netosphere are strong sources of power at kilometnc wave- 
lengths. Time-averaged spectral power flux will first be in- 
tegrated over earth-centered sphencal shells. For shells of 
varying radius the integrals will give the spectral power and 
geocentnc radial distance of regions of power generation. The 
latitudinal and local time dependences of the averaged spec- 
tral power dux will be examined along with a consequence of 
the l/A : radial dependence of spectral power flux observed by 
Gurnett ||974| for terrestnal kilometnc radiation As was pos- 
tulated by Alexander et al. |I97K|. previously observed polar 
cusp sources may result from field-aligned scattering centers. 
Since this studv utilizes extensive measurements in and near 
the source region, the resulting source locations are not as sen- 
sitive as remote direction-finding measurements to cnors arts- 


6501 


6302 


Oallaoiier and Ourkett: auroral Kilometric Radiation 



I 


f 

0 




COMtftCO omm COVC*AOC Of HAWKCVt -I ANO !<*-• 

nl 





OxUGINAL /V.Cf 

.V FMfr QVALTfY 


% Tf« 

u 


Fig. I. Combined orbital coverage of Hawkeye I and Imp 6. All point! on the nifhttidc have been routod in MLT to 
form the right fide of the figure, and all points on the dayside have been rotated in MLT to form the left side of the figure. 


) 



i 


i 



i 

♦ 


II 

i; 

i 



mg from scattering or reflections. The dimensions of observed 
regions of power generation will also be a measure of the van- 
ation in the locations of instantaneous intense sources of kilo* 
metric radiation. To the extent that this study better defines 
those regions which contribute to the energy produced at kilo- 
metric wavelengths the generation mechanism for intense 
kilometric radiation may be sought using a more limited 
range of plasma parameters than has been possible in the past. 

2. Instrumentation 

The Hawkeye I and Imp 6 satellites have similar plasma 
wave experiments (described by Kurth et aL [1975) and Gur - 
nett and Shaw [1973], respectively), which together provide 
about 5 years of electric field measurements. The combined 
orbital coverage of the satellites is shown in Figure I. Loca- 
tions where measurements are made on the nightside of the 
earth have been rotated in magnetic local time to form the 
right side of the figure; all points on the dayside have been ro- 
uted to iorro the left side of the figure. As is shown, northern 
hemisphere coverage is almost complete out to about 21 R *. 
There is no coverage, however, at small radial distances and at 
high latitudes above the northern pole. Southern hemisphere 
coverage is limited to latitudes greater than about -40* mag- 
netic latitude except for Hawkeye 1 coverage within 2 R t . 

The success of integrating spectral power flux over spherical 
shells to find regions of power generation depends strongly 
upon the completeness of the flux observations over each 
spherical surface. Such observations cannot satisfactorily be 
provided by the dau from only one satellite. The orbital cov- 
erage of satellites Hawkeye I and Imp 6 are only partially 
overlapping. When uken together, the data from these satel- 
lites provide an extensive survey of electric field strengths in 
the vicinity of the earth. Although not shown in Figure I the 
combined orbital coverage extends uniformly throughout all 
magnetic local times. 

3. Data Analysis 

Integrating average power flux over earth-centered spheri- 
cal ihclls will give an estimate of the geocentric radial dis- 


unces of the sources of the most intense kilometric radiation 
and the value of the toul average power generation. Using si- 
multaneous observations of electric and magnetic fields by 
Imp 6. Gumett [1974] showed that electric-to-magnetic field 
ratios of intense kilometric radiation correspond to that for 
electromagnetic waves in free space. On this basis an inverse 
dependence of power flux on the square of radial distance 
should be observed in the data obtained from satellites Hawk- 
eye 1 and Imp 6. However, the \/R 2 dependence of power flux 
on distance should be seen only as a function of the distance 
from the origin of the radiation. This origin may be inferred 
by selecting a source region which yields the power flux de- 
pendence of I /R 1 that is expected for free space propagating 
electromagnetic radiation. 

Measurements of electric field strength by each satellite are 
logarithmically compressed and available in the form of a 
voltage between 0 and 5 V (V^J. By using prelaunch calibra- 
tion tables these measurements are converted to the actual 
voltages applied to the satellite antennas (V M ). From the 
known effective antenna lengths and filter bandwidths the 
electric field strength and spectral power flux, P. can be calcu- 
lated for each measurement. In a study by Green et aL [1977] 
the calibrations on these two satellite instruments were com- 
pared through simultaneous observations of type III radio 
burns. On the assumption that the satellites were equidistant 
from the source regions of type III radio bums the observa- 
tions of electric field strengths were found to be in close agree- 
ment; therefore no normalization is required in averaging 
measurements of spectral power flux by the two satellites. 

For this study the electric field data from Hawkeye I and 
Imp 6 have been averaged over 3-min 4-s and 5-min 28-s in- 
tervals. respectively, and as a consequence, spin modulation 
effects are removed from the data. All data are then averaged 
into 72 5* increments-of magnetic local time (MLT). 36 5* in- 
crements of magnetic latitude A., and 15 equal logarithmic in- 
crements in geocentric radial distal This produces a picture 
of time-averaged spectral power th .es as a function of posi- 
tion in the vicinity of the earth The resolution of the picture is 
limited only by the amount of data available from Haw keye I 
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tod Imp 6. For the chosen resolution, there art 10-30 mea- 
surements of spectral power flux averaged into each volume 
element where satellite coverage exists. The objective is for 
the average of spectral power flux measurements within each 
volume element to be representative of the average kilometric 
radiation intensities at each corresponding location. Bums of 
kilometric radiation last from tens of minutes to several hours. 
As a result, some observations within a given volume element 
will be made when kilometric radiation cannot be observed. 
By requiring many uncorrelated measurements within a vol- 
ume element the error in the average intensity is reduced, ap- 
proximately in proportion to l/OO 1 ' 1 , where a is the to ial 
number of measurements. 

As a result of using the electric field data from satellites 
Hawkeye I and Imp 6, over 600,000 measurements of spectral 
power flux are obtained. Because sources of radiation at kilo- 
metric wavelengths such as continuum radiation and type III 
radio bums have been observed by Garnett (1974) to be a mi- 
nor source of energy when compared with terrestrial kilomet- 
ric radiation, no lower threshold on measurements of spectral 
power flux will be used to exclude these other forms of kilo- 
metric radiation from the present study. An upper threshold 
can be estimated at respective receiver channel saturations 
and results in the omission of only four measurements. 

Also important is how well measurements of spectral power 
flux represent the spectral components of the magnitude of 
the poynting flux. How well an average across the spin-modu- 
lated data corresponds to the magnitude of the poynting flux 
depends ideally on the polarization of the radiation and the 
orientation of the satellite's axis of rotation. The average of 
measurements of circularly polarized radiation will yield a re- 
sult which varies approximately from a factor of 1-0.7 times 
the magnitude of the electric field component of the radiation. 
The larger result occurs when the poynting flux direction is 
along the satellite's axis of rotation. Auroral kilometric radia- 
tion is an R-X mode propagating radiation as predicted by 
Green el al. (1977) and observed by Garnett and Green (1978) 
and by Kaiser et al. |I978). Each electric field average will be 
in enor by no more than a factor of about 1.4, and therefore 
spectral power flux measurements will be in error by no more 
than a factor of about 2. 

The present study could also be influenced by seasonal and 
long-term variations in kilometric radiation intensities. Sea- 
sonal changes are sought by studying separate summer and 
winter averages of spectral power flux as a function of posi- 
tion. When plots along earth-centered radial vectors of spec- 
tral power flux versus distance are made separately for the 
summer and winter, no statistical differences are found. A 
possible source of long-term variations is the 1 1 -year solar 
sunspot cycle. Data are taken from satellites Imp 6 and Hawk- 
eye I, which provide 7 years of almost nonoverlapping tem- 
poral coverage. A solar minimum occurred midway through 
those 7 years; therefore measurements from these two satel- 
lites were made during similar phases of the solar cycle. The 
effect is expected to mask solar cycle related variations in kilo- 
metric radiation intensities if such a variation exists. Con- 
sequently, the data examined in this study constitute, si well 
as possible, an unbiased representation of spectral power (tux 
intensities in the vicinity of the earth. 

Assume initially that the picture proposed by Garnett (1974) 
b generally accurate in describing the locations of the most in- 
tense sources of kilometric radiation. The sources of intense 
kilometric radiation are shown in Gurnett's Figure 14 to be 
very close to the earth and at high latitudes on auroral field 



P 





E dA 



Fig 2. The integration of poynting flu* over concentric, earth- 
centered. spherical shells for model auroral kilometric radiation 
sources is shown. Poynting flu* ma|nitudes must be approximated by 
measurements of spectral power flu*. P 0 corresponds to the total 
power generated by the sources, and A) approximately marks the 
radial distance of the sources from the center of the earth. 


lines. If these northern and southern sources of auroral kilo- 
metric radiation, as termed by Kurth et aL (1975). are well 
confined, then an integration of the poynting flux over 
spherical shells which completely enclose the source regions 
should yield a constant power as shown in Figure 2. If both 
sources could always be seen, this constant would be equal to 
the total spectral power generated at the frequency for which 
the data were chosen. As the radius of these concentric, spher- 
ical. earth-centered shells become small a radius will be 
reached where they no longer completely enclose the genera- 
tion regions. As this occurs, the integrated power will fall off 
at a rate which reflects how well on the average, the source b 
confined within the shell of integtation. The radii of sheUs 
during which this drop off occurs define the location of the 
source regions in earth-centered radial distance. Poynting 
flux, however, b not available from both satellites. Instead, 
measurements of average spectral power flux are used to per- 
form the integrations: 

S'4A« 

•HM 

where S is the spectral poynting vector and P b the spectral 
power flux. The effect of introducing this approximation will 
be discussed later. 

To perform the integration, all volume elements must con- 
tain a measurement of spectral power flu* Orbital coverage, 
however was not lOfri complete, as shown in Figure I. To 
compensate, those volume clement* for which there are no 
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centric. canti-centered. spherical shells i* shown in the upper graph. 
The radial distances plotted horizontally correspond to radii of the 
spherical shells of integration. The lower graph gives the extern of or- 
bital coverage for each spherical surface of Integra uon . 

satellite data are tilled with the avenge spectral power flux 
calculated from all those volume elements which contain sat- 
ellite data at the same radial distance. As was noted, in- 
complete orbital coverage occurred primarily in the sourthera 
hemisphere. The procedure for artificially filling volume ele- 
ments with data therefore depends mostly upon the symmetry 
between the northern and the southern hemispheres. This fill- 
ing procedure is used because symmetry is found between the 
northern and the sourthera hemisphere when existing spectral 
power fiux measurements are examined. Finally, volume ele- 
ments within each radial distance increment are treated as 
spherical shells with radii which are the average for all mea- 
surements within each radial group. 

The integration was then performed for 171, 100, and 54.2 
kHz, and the result is shown in Figure 3. Each of the radial 
distances plotted represents an average of the radial distances 
of the measurements in each corresponding radial distance 
group. The lower panel in Figure 3 shows the extent of satel- 
lite orbital coverage as a percentage of 4* sr. The error bars in 
the figure represent one standard deviation of the integration 
for each of 1$ spherical shells at each frequency. An inter- 
pretation of Figure 3 will be made later in the discussion ssc- 
lion of this paper. 

Another approach is to examine the data for a I /if radial 
dependence. Except for the plasma pa use propagation effects 
discussed by Crttn rt at. (1977), auroral kilometric radiation 
propagates away from the earth in free space. The radiation 
should therefore propagate away from the source regioo with 
a \/R* radial dependence. A plot of average power versus 
earth-centered radial distances along a radial vector that 
passes through the source region in a given hemisphere can 
easily be examined for the l/ff' radial dependence. Prior to 


selecting a radial vector direction for making this plot, the 
southern and northern hemispheres are examined for symme- 
try. As was discussed, they are found to be roughly equivalent 
in structure; therefore the southern hemisphere data can be re- 
flected about the equatorial plane and averaged together with 
northern hemisphere data to produce a single hemisphere of 
data with increased orbital coverage. 

Because them data ere organized in earth-centered coordi- 
nates, average spectral power flux can not easily be examined 
for l/jt' radial dependence until a solid angle b chosen which 
passes as near as possible to the source region. Alter the selec- 
tion of such a solid angle the dependence of spectral power 
flux on distance may be examined in a tingle dimension along 
the corre s ponding radial vector. The solid angle direction b 
chosen by examining the MLT and A. dependence of the in- 
tensity of the radiation. Figure 4 shows intensity-modulated, 
polar plots of power flux for four radial distance groups. The 
logarithm of spectral power flux b used to determine the dark- 
ness of the plot. The more intense fluxes correspond to the 
darker regions in each plot. The plots appear to show a cone 
of emission originating from premidnighi magnetic local 
times and at intermediate magnetic latitudes. The magnetic 
latitudes of the solid angle which must be determined ate se- 
lected to range from 30* and S3*. Thu selection of magnetic 
latitudes b large enough to include the location of the source 
region an4 small enough to avoid the areas of poor orbital 
coverage at high latitudes. 

The selection of a MLT direction b performed by plotting 
average power versus eanh-cenicred radial distances in vari- 
ous MLT directions. The MLT which best corresponds to that 
of the source region wi.i show the most intense and most 
sharply peaked plot because measurements along a radial vec- 
tor in that MLT will pass closer to the source region than in 
any other MLT. Plots made in four MLT groups for sp tral 
power fluxes averaged between 30* and $5* A, are shown in 
Figure $. On the basts of the above discussion the plot be- 
tween 22 and 24 hours MLT clearly represenu the MLT di- 
rection of the source region. The peaks for plots in other mag- 
netic local times are less intense and flattened because those 
points on a flattened peak represent locations which are sepa- 
rated and approximately equidistant from the source regioo. 
The solid angle has now been chosen to range from 22 to 24 
hours MLT and from 30* to S3* A. This selection best repre- 
senu the direction of the source region from the center of the 
earth and avoids the influence of poor orbital coverage at high 
magnetic latitudes. 

The plot of Figure 5 between 22 and 24 hours MLT can 
now be examined for \/R* radial dependence. A straight line 
At to the trailing edge of the plotted curve for I7g kHz on this 
log-log graph has a slope of -3.47. Radial distances plotted on 
the graph are geocentric rather than distances from the source 
region, thereby increasing the slope of the straight line fit. The 
distance of the actual source region from the center of the 
earth can indirectly be found by reptomng spectral power flux 
where the radial d is ta nces used are with respect to various 
possible source locations. An assumed source location which 
produces the expected slope of -2.0 when spectral power flux 
b plotted as a func'ioo of the distance from thu location 
would then correspond to the actual distance of the source 
from the center of the earth. An example of the effect of 
choosing source locations at 2. 3. and 4 R, for the frequencies 
examined u shown in Figure 6. The dashed line in each plot 
represenu a l/R ! slope. As possible source locations ate cho- 
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polar plots of average power at 178 k ht 


3.4 TO 3.96 EARTH RADI 


16 MRS 


16 HRS 


OMRS 


12 HRS MIT 


196 TO IQ EARTH RADI I 


101 TO 151 EARTH RADI I 


6 HRS 


6 HRS 16 HRS 


OMRS 
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Fig. 4. These art intensity-modulated polar plots of the average spectnl power lux obae r vud in four consecutive. con- 
centric. hemispherical shells ai |7I kHi Dark borders interior and exterior to each plot mark the lustu of orbital coverage 
Plotted in ten siti es art derived from the togarithm of spectral p ower flux. 


ats at consecutively larger distances from the center of the 
earth, the slope reduces on these log-log plou. A uniform plot 
of slope as a function of source location is shown in Figure 7. 
The horizontal dashed line representing a I/A 2 slope shows an 
inferred actual source location which ranges from 2 to 3 A r 

4. Discussion 

The calculation of spectral power emitted at kt’on'iric 
wavelengths by means of integrating over earth-centered, 
spherical shells was performed so that the radial distance of 
the moet intense sources of kilomethc radiation could be 
found. The result of the integration in Figure 3 agrees remark- 
ably well with the idealized sketch shown in Figure 2. In 
many respects, however, the result shown in Figure 3 is not 
the product of ideal conditions. First 3 • dk was approxi- 
mated with lb ; measured spectral power flux tdA or (u/m *) 1 1 
PdA. As a measurement of the spectral poynting flux magni- 
tude |SL the spectral power flux has been shown to be no 
more than about a factor >f 2 too small. As a result of the ap- 
proximation. the magnitt.de of the component of the poynting 
flux normal to the surface of integration is not known. This 
means that the total observed spectral power flux magnitude 
will be used tn the integration at each surface element When 


the surface of integration has a large radius and completely 
encloses the source regions, the error associated with the ap- 
proximation S • dk - \S\dA should be very small and the re- 
sult of the integration should be a constant fraction of radius. 
As the surfaces of integration no longer completely enclose 
the source regions, the integral will become roughly propor- 
tional to the area of the surface of integration. The important 
point is that the value of the integral will not be a constant 
when the radius of the surface of integration becomes less 
than the distance of the source positions from the center of the 
earth, independent of any other effects which may be present. 
The drop-off occurs in Figure 3 at approximately 4 A,. An ad- 
ditional reduction in the value of the integral occurs due to 
measurements made inside the propagation cutoff surface, de- 
scribed by Gvnen 1 1974). which is located at about 2 A, for 
high latitudes or the radiation to be propagating in free 
•pace the souru of intense ktlometnc radiation must be out- 
side of the propagation cutoff surface, while the integration of 
spectral power flux places the source region t Aside of 4 A r . 
The prtmarv result of the integrations therefore locate well- 
con fined intense sources of kilometric radiation at a distance 
of 2-4 A, from the center of the earth Effects, in addition to 
those described above, can cause the value of the integration 
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Fig. 5. Average spectral power dux it plotted against geocentnc 
radial distance in four magnetic local time groups Spectral power has 
been averaged between 30* and 53* \ m in each magnetic local time 
group. The graph from 22 to 24 hours MI.T best corresponds to the 
MLT of the source region of auroral kilometre radiation. 


to reduce. The drop-off at 4 A, is therefore an outer limit to 
the generation of intense kilcmetric radiation. No significant 
source of power at kilometrk wavelengths is seen between 3 
and ISA*. 

A measurement of the tout power emitted as auroral kilo- 
metric radiation can also be determined. The significance of 
various features of the curves in Figure 3 must be examined 
before the emitted power can be obtained. Where orbital cov- 
erage becomes poor, the error in the integration becomes very 
large. The error for radial distances less than 3 A, does not 
significantly effect the determination of source position be- 
cause the reduction in the value of the integral remains clear; • 
indicated near 4 A,. Owing to the Urge errors at distances 
beyond 21 A # . the sharp rise in the value of the integral can- 
not be reliably interpreted. It is likely that the sharp rise in the 
integrated power at distances beyond 21 A, is caused by the 
sharply reduced orbital coverage (particuUrly from Hawkeyc) 
and the simultaneous observation of both nonhem and south- 
ern hemispherical sources on the nightside of the eanh. At 
this distance the solid angle w here both sources are observable 
becomes a significant fraction of all solid angles where orbita 
coverage exists. An observation of spectral power ftui is twice 
as Urge as that for the observe »• of only one source. Be- 
cause the average of spectral | flux from those volume 
elements where coverage exists (f .link near the equator! is 
used to fill those volume elements w here orbital coverage does 
not exist (primarily over the ' «* he value of the in- 
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Fig I. The time-averaged extent of the conelike emiuton of auroral kilomctric radiation is shown along with the 
Hawkcyc magnetic Add model of Chen and Fan Alien 1 1978). On the average, both sources are observable in the equa- 
torial plane on the ntghtside of the earth at a distance of 12 A* and beyond. The polar cusp is illuminated by auroral kilo- 
metre radiation at radial distances as close as 4 
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atudy. A more detailed study of the characteristics of the in- 
tegration of spectral power flux is needed before the nature of 
kilometric radiation sources between 5 and IS R r can be de- 
termined. However, the observed illumination of the polar 
cusp at distances as small as 4 A* allows observations of polar 
cusp sources, such as those by Altxandtr and Kaistr (1976), to 
be explained by scattering from Acid-aligned density irregu- 
larities. 

3. Conclusions 

intense sources of power radiating at kilometric wave- 
lengths are found near 65* invariant latitude in the northern 
and southern hemispheres, from 22 to 24 hours MLT, and be- 
tween 2 and 4 R s . These dominant sources of power produce 
the electromagnetic radiation that has been described by 
Kunh h at (1973) as auroral kilometric radiation. Each north- 
ern and southern hemisphere auroral kilometric radiation 
source b well confined and emits radiation into solid angles of 
gbout 4.1 sr at 178 kHz. 2.2 sr at 100 kHz, and 1.5 sr at 36.2 
kHz. A lower limit for the spectral power generated by each 
source b found to be 37 W/H z at 178 kHz, 16 W/H i at 100 
kHz, and 2 W/H i at 36 2 kHz. For a bandwidth of 200 kHz 
the total tune-averaged power emitted by the northern and 
southern sources of auroral kilometric radiation b found to be 
about 10 ’ W. 
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ABSTRACT 


| I. 

Two theories hm boon proposed that differently identify the fre- 

I 

quendee of the low frequency cutoff* of nontherael continuum radiation. 
The flret of theee theories states that the two low frequency cutoffs 
occur et the local plasma frequency end R ■ 0 cutoff frequency* with the 
continuua radiation propagating in the ordinary node between the cutoffs 
and a mixture of ordinary and extraordinary mode above the upper cutoff. 
The second theory suggests that the two low frequency cutoffs occur at 
the local L • 0 cutoff frequency and plasma frequency* with the con- 
tinuum radiation being generated by Cerenkov emission in the Z-node 
between the local plasma frequency and upper hybrid resonance frequency. 
Mode coupling at the local plasma frequency is suggested to generate 
continuum radiation in the ordinary mode which freely propagates to 
remote regions of the magnetosphere. In this paper* several examples of 
continuua radiation observed in the outer magnetosphere by IMP 6 and 
ISEE 1 are analyzed in detail* and it is shown that these cutoff fre- 
quencies occur at the local plasma frequency and R ■ 0 cutoff frequency. 



In addition, no substantive evidence ia found in the outer magnetosphere 
for a component of continuum radiation propagating in the Z-mode. 
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INTRODUCTION 

Numerous observations of weak electromagnetic radiation emitted 
from the Earth's magnetosphere and from the Jovian magnetosphere have 
been made by several satellites, among them IMP 6, IMP 8, Hawkeye 1, 

I SEE 1 and 2, and Voyager 1 [Brown, 1973; Gurnett and Shaw, 1973; 
Gurnett, 1975; Scarf et al. , 1979]. This radio emission, called the 
nonthermal continuum, consists of waves propagating in each of two high 
frequency nodes possible In a magnetised plasma, which are commonly 
called the ordinary node (O-mode) and the extraordinary node (X-mode) 
[Allis, 1963]. 

Continuum radiation is observed In the Earth's magnetosphere at 
frequencies greater than the local plasma frequency. Because both the 
O-mode and the X-mode do not have access to regions where the wave fre- 
quency Is less than the local plasma frequency, these waves are trapped 
within the Earth's magnetosphere at frequencies less than the solar wind 
plasma frequency, possibly escaping the magnetosphere through the geo- 
magnetic tall [Gurnerc, 1975; Melrose, 1980]. 

Dlrectlon-f lndlng-measurements have shown that continuum radiation 
from the Earth Is emitted from a broad region several Earth radii thick 
outside the plasmapause on the dawn side of the magnetosphere. This 
region begins near local noon and extends through the local morning 
regions of the outer magnetosphere [Gurnett, 1975]. Frankel [1973] has 
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suggested thst these waves could be generated by gyrosynchrontron radi- 
ation emitted by electrons In the 200 keV to 1 MeV energy range. Gurnatt 
end Frank [1976], however, have observed the occurrence of a continuum 
radiation "storm" simultaneously with the Injection of low-energy elec- 
trons, ~ 1-30 keV, Into the outer radiation cone, concluding that con- 
tinuum radiation may be generated by some plasma Instability Involving 
electrons In this lower energy range. It has been suggested, for example, 
that contlmum radiation nay be generated by converalon of Intense elec- 
trostatic waves Into electromagnetic radiation [Gurnett, 1975; Gurnett and 
Frank, 1976; Rurth et al. , 1979; Gurnett et al. , 1979, and Melrose, I960]. 

Continuum radiation In the Earth's magnetosphere Is frequently 
observed to have two distinct lower frequency cutoffs that are eharp and 
well defined In high resolution frequency-time spectrograms obtained with 
the wideband receivers of the type flown on IMP 6, ISEE 1 and 2, and 
Voyager 1 and 2. Gurnett and Shaw [1973] previously Identified the fre- 
quencies at which these two cutoffs occur using data from the IMP 6 plasma 
wave Instrument. The lowest cutoff was determined to be at the local 
plasma frequency, fp, end the upper cutoff at the local R ■ 0 cutoff fre- 
quency, fR-Q» where 


R-0 


/f 2 + (f /2) 2 


( 1 ) 


and fg Is the local electron gyrofrequency [see Stlx, 1962]. The plasma 
frequency and the R-0 cutoff frequency are bounding frequencies below 
which no wave energy can exist In the 0-mode and the X-m>de, respectively. 
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The observation of the two lower frequency cutoffs is, thereby, readily 
explained by the propagation characteristics of O-mode and X-wode wavea. 

Recently, Jones [1976a; 1976b] proposad an alternative explanation 
for these lower frequency cutoffs* Jones suggested that energy la 
ganarated by Cerankov emission from low-energy electrons at frequencies 
between the local upper-hybrid resonance frequency, futnt» 


f UHR 




( 2 ) 


and the greater of the plasma frequency or the electron gyrofrequency* 
Similar radiation characterised by enhanced wave amplitudes In this 
frequency range has been observed by numerous Investigators at lower 
altitudes In the Ionosphere and plasmasphere [Walsh et al* , 196A; Bauer 
and Stone, 1968; Gregory, 1969; Nuldrew, 1970; Harts, 1970; and Hosier 
et al* , 1973). These waves, called upper hybrid resonance noise, propa- 
gate In a third plasma wave mode at high frequencies In a cold, mag- 
netised plasma. Waves In this mode, called the Z^ode, do not have 
access to regions where the wave frequency Is greater than ".he local 
upper hybrid resonance frequency or less than the local L ■ 0 cutoff 
frequency, f L «o» 


f 


L*0 




<V 2 > 2 


(j> 


As a consequence, these waves are trapped In a limited region of space 
in the Barth's magnetosphere defined by bounding surfaces where the 
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L ■ 0 cutoff frequency end upper hybrid reeonance frequency equel the 
wave frequency* 

In contreet to upper hybrid reeonance noise, contlnuun radiation la 
obaerved to extend oxer a such larger frequency range, consisting of 
waves at frequencies well above the local upper hybrid resonance fre- 
quency* Jonea (1976a; 1976b] suggests that coupling between Z-mode 
waves and waves In the O-wode at frequencies near the local plaeaa fre- 
quency generates the nonthenaal contlnuun, which subsequently propagates 
to remote regions In the magnetosphere at frequencies well above the 
local upper hybrid resonance frequency. 

Based on this mechanise Jones has suggested that the Identification 
of the lower frequency cutoffs of continues radiation by Gurnett and 
Shaw [1973] was Incorrect* Jones suggests that the lower cutoff 
actually occurs at the local L ■ 0 cutoff frequency Instead of f p » and 
that the upper cutoff occurs at f p rather than at the R - 0 cutoff fre- 
quency* 

Data are presented In this paper to denonstrate that these cutoffs 
are not at f^o and f p as suggested by Jones, hereafter called the f^ a 0/ 
fp theory, furthermore, that the original Identification by Gurnett and 
Shaw, hereafter called the f p / f g«o theor y» *• correct. Cutoff frequen- 
cies of the nonthermal continuum have been used to accurately measure 
the local plasma density In the low density regions of the Earth's mag- 
netosphere [Gurnett and Frank, 1974] and Jupiter's magnetosphere [Scarf 
at al*, 1979; Gurnett et al. , 1979]; hence, the proper Identification of 
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EXPERIMENTAL COMPARISONS OF THE f R .(>/fp THEORY 
AND THE f p /f L . 0 THEORY 



Figure 1 It a f requency-tlae tptctrograa of nontheraal continuum 
radiation obaarvad by tha plaaaa wave experiment on IMP 6 wall beyond 
the plaaaa pauaa (~ 9 Rg) near local aornlng. Thia apactrograa ahowa tha 
wave electric field detected by one of tha long electric dipole antennae 
on IMP 6* IMP 6 la eplnnlng with a period of about eleven seconds, and 
tha apln axis of tha apacecraft la oriented normal to tha ecliptic 
plane. The apactrograa in Figure 1 ahowa that tha continue radiation 
haa two dlatlnct low frequency cutoffs, labeled fj and fj in thia fig- 
ure. Wave a at frequenclea between fi and f 2 are obaarvad to be highly 
apln aodulated, while tha wavaa at frequenclea above fi have little, if 
any, apln modulation. 

If tha spacecraft spin axla la oriented perpendicular to tha geo- 
magnetic field, a single dipole antenna can be used to differentiate 
between wava electric fields aligned parallel and perpendicular to tha 
■agnatic field direction* This differentiation can be Bade because the 
antenna has a gain factor that is a aaxlaua whan tha electric field vec- 
tor la aligned parallel to tha antenna eleaents and a alnlaua when tha 
electric field vector la aligned perpendicular to tha antenna eleaents. 
Accordingly, waves with electric fields parallel to tha geoaagnatlc 
field will be apln aodulated with nulls in tha aodulatlon occurring when 
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th« antenna la perpendicular to the magnetic field direction. Simi- 
larly , waves with electric fields perpendicular to the aagnetlc field 
will have nulls In the spin modulation that occur when the antenna la 
parallel to the magnetic field direction. 

For the data shown in Figure 1, the angle between the epln axle of 
IMP 6 end the geomagnetic field direction le 87 degreea. The coaoonente 
of the geomagnetic field were measured by the NASA/GSFC magnetometer 
experiment on IMP 6 end were provided by N. Ness end D. Fairfield of the 
Goddard Space Flight Center. Since the spacecraft spin axle Is essen- 
tially perpendicular to the magnetic field direction, the orientation of 
the wave electric field vector can be determined for the date shown In 
Figure 1. The wave electric field between the two cutoff frequencies Is 
oriented parallel to the geomagnetic field in each of these examples end 
also In all other cases that have been previously analysed. 

The cutoff frequendee shown In Figure 1 have been measured with an 
accuracy of i 50 Rs , which is twice the bandwidth resolvable In the spec- 
tral analysis of these data. To test the fp/fgaO ‘■heory It Is assumed 
that f} " fg.Q and that f 2 ■ f p . Using (1) the electron gyrofrequency 
can be calculated from these two measurements by 



To test the f^-o^p theory It Is assumed that fj • f p and that f 2 • 
f L . 0 , and the electron gyrofrequency is calculated from (3) to be 
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f ‘ ' f * w 


That* two aquations, (4) and (5), yield dtffarant valuta (or the elec- 
tron gyrofraquancy, Which can ba cowparad to tha alactron gyrofraquancy 
derived (row tha value of tha local aagnatlc (laid, Bq» waaourad by tha 
IMP 6 aagnetoaeter (f g - 28 B 0 whara > 0 la In Sanaa). A comparison of 


tha pradlctlona of (4) and (5) with tha aaaaurad gyrofraquancy provides 
a definitive tast for tha validity of thaae two respective Identifica- 
tions of tha cutoff frequencies. 

Tha difference, 4 f, between values of f g obtained froa (4) and (5) 
Is often eaall, 10 to 20 percent of the asasurad gyrofraquancy for aost 
cutoff frequencies observed In tha aagnstosphare; therefore, high fre- 
quency resolution aaaaureaants are asaantlal to unaablguously determine 
these cutoff frequencies. The value oi 4 f can be calculated by sub- 
tracting (4) froa (5), and le given by (6) 


(f x - f 2 ) ♦ f g ) 

~2 


Using (4) and (5) to calculate the value of f g *t about 2200t30 UT 
froa the data shown In Figure 1 we have, Including the aeasureaent 
uncertainty, 


1.62 kRs < fg < 1*96 kHs 
1.92 kHs < (g < 2.41 kHs 


f _ » 1.73 kHs 


< f *-0 /f p theory) 

(fp/ f L-o th « or y) 

(HASA/GSFC Magnetometer) 


£ 
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It &• apparent that the value of fg calculated froa the f p /f L _o theory 
doaa not agree with the value of fg aeasured by the IMP 6 magnetometer, 
even considering e conservative outlasts of ± 90 Its for the accuracy of 
the frequency aeaeureaent obtained by use of the high reeolutlon IMP 6 
wideband data* Furthermore, the value of fg calculated froa the fi^/fp 
theory Is In agreeaent with the value of fg aeasured by the IMP 6 aagnet- 
o aster* 

In order to deaonstrate that this agreeaent la raprasentatlve of 
sore than one Isolated exaaple, a * , '>tal of ton exaaplas of continual 
radiation exhibiting sharp low frequency cutoffs with spin aodulatlon 
ware selected for analysis* Thase exaaplea ware selected froa wideband 
data collectad froa the IMP 6 spacecraft and the I8EE 1 spacecraft* The 
result of this analysis la shown In Figure 2* 

Figure 2 contains two graphs that coapare the aeasured electron 
gyrofrequency with the electron gyrof requency calculated froa the *p 
theory and the fp/fgao theory* It la evident that the values of the 
electron gyrofrequency calculated froa the fL-o^p theory are not In 
general agreeaent with the aagnatoaeter aeasureaents aade simultaneously 
with the plasaa wave aeasureaents* In particular, the only data for 
which any agraaaant la achieved are at low values of A f, for which dif- 
ferentiation between the two theories would be expected to be difficult 
due to the experlaental uncertainties In the aaasureaant. In contrast 
with this result, the values of the electron gyrofrequency calculated 
froa the fp/?g«o theory agree with the aagnatoaeter aeasureaents for all 
tan axaaplas selected* The results of the analysis shown in Figure 2 
deaonstrate that these cutoffs are at the local plaeaa frequency end 
R - 0 cutoff frequency as originally proposed by Guraett and Shaw (1973) 
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and not at tha L ■ 0 cutoff fraquancy and plasma frequency ee euiteeted 
by Jonee ( 1976a } 1976b]. 

In addition to tha conclusive evidence already provided, several 
other observation* also Indicate that tha theory proposed by Jones Is not 
applicable to continue radiation In tha outer aagnetosphere. Figures 3 
and 4 show tha aaplitudes of tvo exaaples of continue radiation plotted 
as a function of frequency. These plots contain a superposition of spec- 
tna analyser sweeps (0.05 seconds/ sweep) obtal'ied over the two second 
Interval defined by tha arrows pointing to the spectrograa In the top 
panel of Figures 3 and 4. Neither exeaple shows any evidence of an 
Increase in the wave aaplitudes between fp and f^Hg* w ^ er * w * v * # gener- 
ated locally by Cerenkov radiation would be expected to be found. 
Bnhanceaents greater than 20 db between f p and f UHR are characteristic of 
Z-aode waves produced by Cerenkov emission In the plasaasphere end Iono- 
sphere (see Figure 1 of Harts (1970] and Figure 4 of Nosier et el. (1973] 
for exaaples). 

The absence of an enhancement In saplltude between f p and f um 
strongly suggests that contlnuua radiation observed In the outer magneto- 
sphere does not contain any substantive component local.; generated In 
the Z-mode. Instead, It Is apparent that these waves are predominantly 
O-aode and X-node waves that appear to hava propagated to the spacecraft 
from more distant sources. Occasionally cases are observed that contain 
more complicated frequency structures, which may be related to the gener- 
ation of these waves. These structures usually resemble harmonic bands 
or discrete emissions, however, and appear to be considerably different 
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froa structures expected for waves generated by Cerenkov emission in the 
Z-node (see Gurnett and Shaw [1973] for rsprsssntatlve examples). 

In addition to the arguments already presented, an examination cf 
the polarisation of the wave electric field of the nonthermal continuum 
near these cutoff frequencies provides strong evidence that these waves 
are predominately 0-mode and X-mode waves. It can be shown (see Stix 
[1962]) that tt<>' wave electric field vector for the X-mode Is perpendicu- 
lar to the magnetic field and circularly polarised, rotating around the 
magnetic field in the right-hand sense at the R ■ 0 cutoff frequency. 

The wave electric field vector for the O-mode is linearly polarised in 
the direction parallel to the magnetic field direction at the plasma fre- 
quency. 

For waves in the Z-mode generated by Cerenkov emission, the wave 
electric field would be expected to be most intense in the direction of 
the resonance cone, which varies from an angle of 90 degrees with respect 
to the magnetic field at fum* to 0 degrees at the greater of f p or f g . 

At the L » 0 cutoff frequency the electric field is perpendicular to the 
magnetic field and circularly polarised rotating around the magnetic 
field in the left-hand sense. At f{jHR the wave electric field is 
linearly polarised perpendicular to the geomagnetic field. 

The polarisation of the continuum radiation near the two lower cut- 
offs is readily explained by the characteristics of the ordinary snd 
extraordinary modes. Of the X-mode, the 0-mode, and the Z-mode, only the 
0-mode is oriented parallel to the geomagnetic field direction at any 
bounding frequency. The X-mode is strongly polarised perpendicular to 
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th« geomagnetic field at f R . 0 . Consequently , if O-mode radiation Is pre- 
sent between the two cutoffs end e mixture of O-mode end X-mode radiation 
is present above the upper frequency cutoff* the observed polarisation 
can be explained in a straight forward manner by the characteristics of 
O-mode and X-mode radiation. If the lower cutoff occurred at the fj^o 
cutoff frequency* however, the observed polarisation would be completely 
Inconsistent with the characteristics of Z-mode radiation at the L - 0 
cutoff frequency. In summary* the observed polarisation is contrary to 
that predicted by the f^o/fp theory [Jones, 1976a; 1976b] end com- 
pletely consistent with that predicted by the fp/^gaO theory [Gurnett 
and Shaw, 1973]. 
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DISCUSSION 

We have shown, in bom detail! that the characteristic* of non- 
t hemal continuum radiation obaerved In the outer Magnetosphere are con- 
sistent with the expected characteristics of ordinary end extraordinary 
■ode waves described by cold plasaa theory. The alternate theory , pro- 
posed by Jones (1976a; 1976b)! does not Maintain consistency between 
theory and observation In several waya. First! this theory Is not con- 
sistent with neasureMents of the local Magnetic field Made by the IMP 6 
aagnetoaeter. Second, there Is no definite Indication of a substantive 
couponent of continuum radiation observed In the Z-mode In the outer Mag- 
netosphere. If, as according to Jones, the continuum Is produced In this 
region by Cerenkov radiation in the Z-uode, subsequently coupling Into 
0-Mode radiation at the local plasaa frequency, significant wave electric 
fields would be expected to be observed In the Zmode. Finally, the 
observed polarisation of the wave electric field at the cutoff frequen- 
cies Is Inconsistent with that predicted using Jones' Interpretation. 

We wish to eaphaslte that, while we disagree completely with Jones' 
Identification of these cutoff frequencies, which are commonly observed 
In the outer Magnetosphere, we do not necessarily disagree with his hypo- 
thesis that node coupling between the O-node and the Z-mode nay occur in 
sons regions of the Magnetosphere. In other regions, for example within 
the plasaasphere, energy generated by Cerenkov radiation in the Z-node 
coupling Into O-mode radiation sdght generate free^v propagating radio 
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emissions at higher frequencies. In the outer magnetosphere, however, 
there Is little evidence to Indicate that substantial wave energy le 
generated by Cerenkov radiation at frequencies below about 30 kHz or that 
this mechanism contributes significantly to the generation of continuum 
radiation. Most of the local generation of waves near fp and fg In the 
outer aagnetosphere appears to require generation mechanisms character- 
istic of other types of plasma Instabilities, such as those proposed to 
explain (n + l/2)fg harmonics [Fredricks, 1971; Young et al. , 1973; 
Ashour-Abdalla and Kennel, 1978; Hubbard and Birmingham, 1978; Ronomark 
et al. , 1978]. 
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Figure 1 


Figure 2 


FIGURE CAPTIONS 

% 

An exeaple of contlnuun redlat&on containing two lower 
frequency cutoffa and apacecraft spin Modulation. The 
lower frequency cutoffs* fj «nd f 2 , wnre aaaeurad at 
about 2200:30 UT aa Indicated by the daahad line* For 
this exeaple: 

1.62 kRx < fg < 1.96 kHx If fj - f R . 0 * nd f 2 * f p 
1.92 kH* < fg < 2.41 kHt If fj - f p and f 2 - f L . 0 
f g - 1.73 kHt (NASA/GSFC nagnetoaater) 

The Identification fj ■ f p *nd f 2 ■ *L a 0 
lnconeistent with the IMP 6 nagnetoaater aeasureaents; 
however* the Identification f j ■ f R «o * nd *2 " *p 
In agreeaent with the aegnetoaeter aeasureaents. 

An analysis of ten exaaples of contlnuun radiation 
observed by IMP 6 and ISEE 1. Within the experlaental 
accuracies of aeasureaent* the electron gyrofrequency 
calculated fron the f p /^R.o theory, f gCALC , agrees with 
the siaultaneous aagnetoaeter aeasureaents, fgNEAS* 

The electron gyrofrequency calculated froa the f^-O^p 
theory la not In agreeaent with fgHgxs except for saall 
values of A f* the difference between the two calculated 


gyrof requenelea* For nail values of A f, It la 
expacted that It would ba difficult to dlatlugulah 
batwean tha two thaorlas because of tha experimental 
uncertainties In tha measurement* 

Tha lower panel shows the amplitude of an example of 
contlnun radiation aa a function of frequency* These 
data were collected over tha tlae interval shown on the 
f requency-tlme apactrograa In tha upper panel* Tha 
abrupt lower frequency cutoff la apparent at 7*1 kHs; 
however, no enhanced wave aaplltude* are observed 
between f p and f UHR , strongly suggesting that no 
substantive wave components are generated by Cerenkov 
radiation In this frequency interval. 

The aaplltude of the contlnuua radiation shown In 
Figure 2 as a function of frequency. Again, no 
enhanced amplitudes are observed for waves between f p 
and fungi •• typical of upper hybrid resonance noise 
observed at lower aaplltudes within the plaeaasphere 
and Ionosphere* 
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PLASMA OSCILLATIONS AIID THE EMISS1VITY OF TYPE III RADIO BURSTS 


D. A. Gurnett, R. R. Anderson and R. L. Tokar 
Department of Physics and Astronomy 
The University of Iowa 
Iova City* Iowa 52242 


ABSTRACT 

Plasma wave electric field measurements with the solar orbiting 
Helios spacecraft have shown that intense electron plasma oscillations 
occur in association with type III solar radio bursts, thereby confirm- 
ing a well known mechanism for generating 30lar radio emissions first 
proposed by Ginzburg and Zheleznyakcv in 1 953* In this p per we reviev 
the principal characteristics of these plasma oscillations ana compare 
the observed plasma oscillation intensities with recent measurements of 
the eaissivity of type III radio bursts. The observed enissivities are 
shown to be in good agreement with two current models for the conversior 
of electrostatic plasma oscillations to electromagnetic radiation. 


INTRODUCTION 

As known from early studies of Wild [1950] type III radio bursts 
are produced by particles ejected from a solar flare and are character- 
ised by an emission frequency which decreases with increasing time. The 
decreasing emission frequency with increasing time is attributed to the 
decreasing electron plasma frequency, fp, encountered by the solar flare 
particles as they move outward through the solar corona. Qoission can 
occur at either the fundamental, fp, or harmonic, 2fp, of the local elec- 
tron plasma frequency, although at low frequencies, i 1 MHz, the harmonic 
emission appears to be the dominant component [Fainberg, 1974; Kaiser, 
1975; Gurnett et al., 1978]. The particles responsible for the type III 
radio emissions are electrons with energies ranging from a few Kev to 
several tens of Kev. According to current ideas, the generation of the 
type III radiation is a two-step process in which (i) electron plasma 
oscillations are first produced at fp by a two-strean instability ex- 
cited by the solar flare electrons and (ii) the plasma oscillations arc 
converted to electromagnetic rediation by nonlinear wave-particle inter- 
actions. This mechanism, first proposed by Ginzburg and Zheleznakov 
[1958] and refined by numerous investiraters [Tidrnan et al., 19e6; 


Kaplan and Tystovich, 1968; Papadopoulos et al., 197 b; Smith, 19771, is 
illustrated in Figure 1, which shows the expected conversion of the 
electron stream energy to electron plasma oscillations, and the subse- 
quent conversion to electromagnetic radiation at either the fundamental, 
fp, or the harmonic, 2fp. The radiation at the fundamental is caused bv 
interactions of the plasma oscillations with ion sound waves, and the 
radiation at the harmonic is caused by Interactions between oppositely 
propagating electron plasma oscillations. 

Since electron plasma oscillations are local plasma wave phenom- 
ena which cannot be detected remotely, in situ measurements must be 
used to confirm the presence of these oscillations. The first observa- 
tions of electron plasma oscillations associated with a type III solar 
radio burst were obtained by Gurnett and Anderson [1976, 1977] using 
m'viurements from the Helios 1 and 2 spacecraft which are in orbit 
around the sun between about 0.3 to 1.0 A.U. The Helios observations 
are important not only because they confirm a basic radio emission 
mechanism proposed over twenty years ago, but also because they provide 
important new information on nonlinear plasma processes of considerable 
current interest. In this paper we review the principal results of the 
Hellos plasma oscillation observations, including many new events which 
have been recently detected. The plasma oscillation intensities are 
also compared with the recent type III radio emissivity measurements 
given by Tokar and Gurnett [1979], to provide a quantitative evaluation 
of proposed emission mechanisms. 
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Figure 1. A representative radial profile of the electron plasma fre- 
quency in the solar wind illustrating the generation of electron plasma 
oscillations_ana the subsequent conversion to electromagnetic radiation 

at f” and 2f“. 
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SURVEY OF PLASMA OSCILLATION CHARACTERISTICS 

Only a small fraction, approximately 15% t of all the type 111 
radio bursts detected by Helios can be associated with electron plasma 
oscillations. The relatively small occurrence of plasma oscillation 
events is almost certainly due to the fact that the radio emissions can 
be detected at large distances from the source, whereas the plasma 
oscillations can only be detected within the source region. Up to the 
present time a total of ninety electron plasma oscillation events have 
been identified in all the data available, which includes Helios 1 and 
2, Voyager 1 and 2, and IMP 8. All but four of these events were 
detected by Helios 1 and 2. 

A plasma oscillation event illustrating most of the features com- 
monly observed is shown in Figure 2. The type III radio emission can 
be clearly identified in the 178 and 100 KHz channels by the rapid 
smooth rise to peak intensity followed by a somewhat longer smooth decay. 
The characteristic shift toward decreasing frequency with increasing time 
is also clearly evident. The intense narrow-band emissions in the 56.2 
KHz channel, starting at about 1023 UT and ending about 1055 UT, are the 
associated electron plasma oscillations. The solid line is the peak 



Figure 2. Intense electron plasma oscillations at f^ * 56 kHz detected 
by Helios 2 in association with a type III radio burst. 
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from about 0.3 to 1.0 A.U. where in situ measurements of plasma observa- 
tions are available. In principle, a comparison of the radial variaticr. 
of the plasma oscillation intensities and the type III emissivity pro- 
vides a powerful test, since any given mechanism implies a specific 
relationship between these two parameters. Recently Tokar and Gurnett 
[1979] have completed an analysis of the radial variation of the emis- 
sivity of low frequency type III radio bursts. The technique used con- 
sists of computing the power AP emitted in volume AV with the emissivity 
defined as J(2fj) * AP/UwAV, where it is assumed, for simplicity, that 
the radiation is emitted isotropically over a solid angle of hr. The 
power is computed from AP * l»wr*IAf , where r is the distance from the 
source to the spacecraft, Af is the bandwidth and I is the power flux, 
in watts m” 2 Hz *, at the spacecraft. The volume is computed from AV - 
R 2 ARfl, where 0 is the solid angle of the emitting region as viewed from 
the sun. Since it is usually not possible to directly determine Q, we 
have assumed that the source subtends a half -angle of 1*5. 0° as viewed 
from the sun, which is consistent with the results of Baumback et al. 
[1976]. The center of the source volume is assumed to follow the mag- 
netic field line through the originating flare location using the mag- 
netic field model of Parker [1958] with a solar wind velocity of Uoo 
km s’ 1 . The emission frequency is assumed to be at the harmonic of 
plasma frequency, following the radial variation given by Fainberg and 
Stone [197**]. The results of this analysis, as applied to thirty-six 
type III radio bursts, are shown in Figure U. Because of the uncertain'; 
in the solid angle ft the absolute value of J probably has a substantial 
uncertainty, perhaps as much as a factor of 2 or 3. This uncertainty 
is, however, small compared to the variations from event to event. Ex- 
cept for certain special cases, for example when the scurce passes close 
to the spacecraft, the radial dependence tends to be rather independent 
of the assumptions used. In all cases the emissivity decreases monotor.i- 
cally with increasing radial distance from the sun and a power law pro- 
vides a good fit to the radial variation. The average power law index 
for all of the events analyzed is -6.0 ± 0.3. The best fit power law 
through all of the data points is shown by the dashed curve in Figure 
1*. 


Having established the radial dependence and absolute intensity of 
both the plasma oscillations and the radio emissivity, comparisons can 
now be made with specific models for the generation of type III radio 
bursts. Two models will be evaluated, the coherent parametric (oscil- 
lating two-stream) m- chan ism of Papadopoulos et al. [197M, and the 
incoherent induced scattering mechanism of Smith [1977)- The emissivity 
given by Papadopoulos et al. (197 1 *]* converted to MrCS units and evalu- 
ating constants (using a * 0.1), is 
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where E is the electric field strength of the plasma oscillations in 
Volts jiT 1 , n is the electron density in cm“ 3 , T is the electron 
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Figure U. The emissivity as a function of radial distance from the sun 
determined from thirty-six type III radio bursts detected by IMP 8 and 
ISEE 1. 


temperature in °K, ana T is the electron temperature at 1 A.U., M..2 X 
10 S °K. The corresponding emissivity given by oraith [1977] is 

U 

J(2f") = 1.12 X IQ" 13 — , watts m~ 3 sr“ 1 , (2) 
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vhere E is again in Volts sf l , and n is in cm" 3 . Both the coherent 
and incoherent mechanisms have essentially the same dependence on the 
electric field strength and electron density, and differ only slightly 
in the temperature dependence. As can be seen the dominant depen- 
dence, by far, is on the electric field strength of the plasma oscil- 
lations. Since the electron density and temperature in the solar wind 
vary as n ^ (l/R) 2 and T •v* (l/R) 2 / 7 , and since J varies as (l/R) 6 * 0 - °**, 
the expected radial variation of E from Equation 1 for the model of 
Papadopoulos et al. [197*0 should be (l/R) 1 * 64 4 °* 1 . For the model of 
Smith [3977] the corresponding radial variation of E from Equation 2 
should be (l/R) 1 * 75 4 °» 1 . Both of these predictions compare very 
favorably with the observed radial variation for E of (l/R) 1 * 4 4 °* 5 . 
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In addition to comparing the radial variations with the theoretical j 
predictions the absolute values of the emissivity can also be compared. J 

From Figure 3 it is seen that the largest plasma oscillation field J 

strength at 1 A.U., is about E a 5 mVnf 1 . Using this maximum field 1 

strength, the corresponding emissivities given by Papadopoulos et ai. I 

(197*»I, using Equation 1, and Smith [1977], using Equation 2, are ^ 

1.63 X 10" 24 and 3.13 X 10~ 23 watts m~ 3 sr -1 , respectively. Comparing | 

these emissivities with Figure U it is seen that the emissivity 3 

computed from Smith's model would be able to account for about j 
of all the events observed at 1.0 A.U., whereas Fapadopoulos ' model < 

would be able to account for only about 30* of the events observed. 

Thus, it appears that for the largest plasma oscillation intensities | 

observed the incoherent model of Smith [1977] is able to account for the 1 

emissivity of all but the most intense radio bursts, whereas the model 
of Fapadopoulos et al. [197M is not able to account for a burst of aver- 
age intensity. It should also be pointed out that Smith [1977] has | 

already demonstrated in a specific case that the incoherent mechanism j 

can account for the simultaneously observed radio emission intensities 
. with a substantial margin. The case considered by Smith [1977] was, 

however, a particularly intense plasma oscillation event, with an inten- 
sity (l4.8 mVm” 1 ) rear the upper limits of the events shown in Fig 3. 

If instead of taking the most intense plasma oscillation event, one 
takes more typical intensities representative of, for example, the best 
fit power law (dashed line) in Figure 3, then the emissivity is drasti- 
cally reduced because of the E 4 dependence in Equations 1 and 2. ■% 

For these more typical plasma oscillation intensities, both the 
models of Papadopoulos et al. [197*0 and Smith [1977] give emis- 
sivities well below the best fit curve (dashed line) shown in Figure A, 

*». These difficulties are further complicated by the fact that the 
actual volume of the source is probably substantially smaller than 
haB been assumed in Equations 1 and 2 because of the impulsive vari- 
ations in the amplitude of the plasna oscillations. In summary it i . 

j appears that the radial variation of the plasma oscillation intensities | 

i and type III emissivity are in good agreement with the current theoret- I 

ical models but that in all except for the most intense plasma oscillu- | 

! * tion events the emissivity given by the theory is somewhat smaller than 

i the observed emissivity. Several explanations can be advanced to 

account for this discrepancy in the absolute emissivity. Probably 

l 


the most likely possibility is that the plasma oscillations have 
substantial temporal fluctuations on a time scale short compared to 
the 50 msec, averaging time of the Helios instrument. If the fluc- 
tuations are very impulsive, as seems to be the case, then because 
of the E* 4 dependence of the emissivity the radiation intensity may 
be substantially underestimated on the basis of the average electric 
field intensity. Another possibility is that the intense plasma 
oscillations are confined to very small spatial regions which are very 
unlikely to be encountered by the spacecraft, thereby tending to 
bias the electric field intensity measurements, as in Figure 3» 
store heavily toward lower intensities. 


CONCLUSION 

These comparisons of plasma oscillation intensities and the 
emissivity of type III radio bursts show good overall agreement 
with current theories for the conversion of electron plasma oscil- 
lations to electromagnetic radiation at 2fp. The primary questions 
remaining involve the fine time scale structure of the plasma oscil- 
lations and the relative importance of incoherent and coherent (sol- 
iton collapse) processes. Although the absolute emissivities computed 
in this study tend to favor the incoherent process, it is probably not 
possible to determine which mechanism is most important because of 
the uncertainty about the fine time scale variations in the plasma 
oscillation intensity. Further progress in understanding the possible 
role of soliton collapse processes in the generation of type III radio 
emissions will require much higher time resolution measurements than 
are currently available. 
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ABSTRACT 
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In the period November 22 - Deoember 6, 1977* three types of 
interplanetary flows were observed— a oorotating stream, a flare-associated 
shook wave, and a shook wave driven by ejeota. Helios-2, IMP-?, 6, and 
Voyager-1, 2 were nearly radially aligned at $ 0.6 AU, 1 AD and 1.6 AU, 
respectively), while Helios- 1 was at $ 0.6 AU and 35* E of Helloa-2. The 
Instruments on these spaoeoraft provided an exceptionally complete 
description of the partioles and fields associated with the three flows and 
corresponding solar events. Analysis of these data revealed the following 
results. DA coronal hole associated oorotating stream, observed at 0.6 
AU and 1 AU, which was not seen at 1.6 AU. The stream interface oorotated 
and persisted with little change in structure even though the stream 
disappeared. A forward shock was observed ahead of the interface, and 
moved from llelios-2 at 0.6 AU to Voyager-1, 2, at 1.6 AU; although the 
shook was ahead of a corotating stream and interface, the shock was not 
corotating, because it was not seen at Helios- 1, probably because the 
corotating stream was not stationary. 2) An exceptionally Intense type 111 
burst was observed in association with a 2B flare of November 22. The 
exciter of this burst— (a beam of energetic electrons)— and plasma 
oscillations (presumably caused by the electron beam) were observed by 
Helios-2. 3) A non-spherical shock was observed in association with the 
November 22, flare. This shock interacted with another shock between 0.6 
AU and 1 AU, and they coalesced to form a single shock that was identified 
at 1 AU and at 1.6 AU. A) A shock driven by ejecta was studied. In the 
ejeota the density and temperature were unusually low and the magnetic 
field intensity was relatively high. This region was preceded by a 
directional discontinuity at which the magnetic field intensity dropped 

appreciably. The shock appeared to move globally at a uniform speed, but 

\ \ 

locally there were fluctuations in speed and direction of up to 100 km/s 
and A0°, respectively. 5) Three types of eleotrostatio waves were observed 
at the shocks, in different combinations. The detailed wave profiles 
differed greatly among the ahooks, even for spacecraft separations £0.2 
AU, indicating a strong dependence on local conditions. However, the same 
types of fluctuations were observed at 0.6 AU and at 1.6 AU. 6) Energetic 
(50-200 keV) protons were accelerated by the shocks. The Intensities and 
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durations of the fluxes varied by a faotor of 12 over longitudinal 
distances of $ 0.2 All. The intensities were higher and the durations wort 
lower at 1.6 AU than at 0.6 AU, suggesting a o maul stive effeot. 7) 
Energetio (* 50 keV) protons from the November 22, flare were observed by 
all the apaoeoraft. During the deoay, Helios- 1 observed no ohange in 
intensity when the interface moved past the spaceoraft, indicating that 
partioles were injected and moved uniformly on both sides of the interface. 
Helios-2 observed an inorease in flux not seen by Helios- 1, reaching 
maximum at the time that a shook arrived at Helios-2. The intensity 
dropped abruptly when the interface moved past Helios-2, indicating that 
the "extra" partioles seen by Helios-2 did not penetrate the interfaoe. 


1. INTRODUCTION 

It is o us ton ary to speak of three types of flows In the solar wind, 
which Chapman (1964) oalled streams, flare-shells, and solar wind. Ve 
shall refer to these, respectively, as 1) oorotatlng streams (also known as 
oorpuaeular streams, stationary streams, and high-speed streams); 2) ejeota 
(also oalled naaoent streams, flare ejeota, Jets, aotive wind, drivers, and 
pistons); and 3) slow flows (also oalled quiet wind ambient wind and 
structureless wind). The term piston has been applied to both oorotatlng 
streams (e.g., Dryer and Steinolfson, 1976) and to ejeota (e.g., Dryer At 
al . , 1972). Corotating flows are separated from slow flows by a thin 
boundary oalled a stream interface (Beleher and Davis, 1971, Burlaga , 

1974), whioh in seme oases is a tangential discontinuity (Burlaga, 1974; 
Gosling jst gl., 1978). Ejecta are presumed to be separated from slow flows 
by a thin boundary called a contaot surface (Lee and Chen, 1968, Dryer, 
1979); this too is oalled a piston by some authors, (e.g., see Dryer, 

1979)* Both oorotatlng streams and ejeota may be preoeded by a shook. 

There are numerous studies of the above phenomena based on observations 
from Just one spacecraft, but these oannot separate spatial variations from 
temporal changes. Data from two or more widely separated spacecraft are 
needed to study non-stationary corotating streams, transient ejeota, and 
interacting flows. There have been relatively few such observational 
studies (e.g., Dryer jRfcgl. , 1972; Gosling and Hundhausen, 1976; 
Intrlllgator , 1976; Lazarus gfc gl. , 1970; Scbwenn gjfc. gl. , 1976, 1979; Smith 
and Wolfe, 1977, 1979; Vaisberg and Zastenker, 1976). Some attempts have 
been made to model multipoint observations (Gosling j&gl., 1976; Dryer at 
gl., 1978a, 1978b). 

In the period November 22 to December 6, 1977 Hellos-1 and -2, IMP-7 
and -8, and Voyager-1 and -2 were aligned very favorably for the 
investigation of solar outputs (Figure 1), and during this period, which 
was part of STIP Interval IV from October 15 to December 15, 1977, several 
significant solar events occurred. Recognizing that this interval (and a 
similar Interval in September-October, 1977) offered a unique opportunity 
for a comprehensive study of interplanetary shocks, flows, magnetic fields, 
and energetic particle phenomena, a Workshop was organized to bring 
together experimenters from the Hellos, Voyager and IMP programs. The 
meeting was organized by Dr. S. M. Krimlgis, with the support of the 
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Voyager and Halloa teaa leaders. This paper la baaed on soae of the 
results of that Workshop. The nurpose of this paper is to present a 
description and an analysis of the prlnoipal Interplanetary events that 
were observed in the period November 22-Deoeaber 6, 1977 , by Hellos- 1 t 2, 
Voyager- 1, 2, and IMP-7 » 8. 

Three flow systems were observed in the period under consideration: 1) 

a oorwtatlng streas and a stream interface associated with a coronal hole, 
2) a shook wave and an energetio partlole event associated with a 2-B 
flare, and 3) an Isolated shook wave whose origin is uncertain. 

This paper is based on data from 28 experiments from ( spaoeoraft. The 
experiments and the corresponding principal investigators are listed in 
Table 1. Nearly oomplete measurements of solar wind plasma, magnetio 
fields and plasma waves are available from all spaoeoraft. Radio waves, 
plasma waves and energetio electrons associated with the November 22, event 
are available from Helios-1,2 and Voyager- 1, 2. Data describing low energy 
protons associated with the November 22, event are available from Hellos- 1, 
2 and Voyager-1, 2. 

We begin in Section 2 by dlsoussing the corotating stream and its 
associated shock and interface; this flow system was relatively simple, and 
the other two events interacted with it. Seotlon 3 discusses the 
partioles, fields and flows associated with the flare of November 22. 
Section 4 analyses a relatively simple, Isolated shook wave that passed all 
of the spaoeoraft in the early days of December, 1977* Plasma waves at the 
ahooks in the three events are disoussed qualitatively in Seotlon 5. 
Energetic protons accelerated by the sbooks and injected by the November 22 
flare are described in Seotlon 6. Seotlon 7 summarizes the results. 

2. COROTATINQ ST REAM. INTERFACE AMD SHOCK 

A stream that was observed successively by Hellos-1, Hellos-2, IMP-7, 

8, Voyager-1 and Voyager-2 is shown in Figure 2, which shows bulk speeds 
from the experiment of Rosenbauer on Helios-1, 2 and from the experiments 
of Bridge on IMP-7, 8 and Voyager-1, 2. Sixteen minute averages of V are 
plotted versus time, and the phase is chosen such that the arrival time of 
the stream interface at each spacecraft is coincident with the vertical 
line marked "interface". The stream interface is readily identified as an 
abrupt decrease in density and an abrupt Increase in temperature at the 
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front of a strum (Belcher snd Davis, 1971; Burlaga, 197*» 1975)* in this 
oasa, ths lnterfaoe at aaob apaoaoraft oan be assn in Figure 3, where tho 
tlma profilss of 16-aln avaragea of the density (n) and temperature (T) ara 
plottad. Figura 2 shows that tha Interface and stream arrived at Helios-1 
on Nov amber 23i at Helios-2 on November 25 t at earth on November 27 » and at 
Voyager- 1 and -2 on November 29 • The 2-day interval between suooessivo 
encounters of the interface is approximately that whioh is expeoted for a 
■oorotating spiral" corresponding to a streamline with a speed of *00 km/s, 
as illustrated at the bottom of Figure 2. 

The precise oorotation times of the lnterfaoe from one spaoeoraft to 
the next are shown in Table 2, together with the "predicted" oorotation 
times computed from the equation tg - t^ » (rj - r^)/V ♦ (#2 • with 

allowance for the spaoeoraft motions (here Q # is the sidereal rotation 
period of the sun; V is the solar wind speed; and +2 art respectively 
the longitudes of the spaoeoraft at time t^ (when the lnterfaoe passed the 
first spaoeoraft) and a later time t 2 (when the lnterfaoe passed the .second 
spaoeoraft); and r^ and r g are the radial distanoes from the sun of the two 
spaoeoraft at t^ and t 2 >) Table 2 shows that the predicted oorotation 
times are olose to the observed oorotation times, the differenoe being $ 

151 in the three largest time intervals. These small differences may be 
due to small irregularities in the shape of the surface of the lnterfaoe. 
Thus, we conclude that the interface was a oorotating feature, and we infer 
that the stream which followed it was likewise corotating. 

The low densities in the stream (Figure 3) end the fact that it was 
oorotating suggest that its source was a coronal hole (Hundhausen, 1977; 
Burlaga, 1979). A coronal hole, tentatively identified in the Kitt Peak He 
10830A* maps, passed central meridian on November 2*, 2$. The observed 
peak speed of the stream in question was $ 500 km/s; thus, if its source 
was the coronal hole, and if it propagated at nearly constant speed, the 
stream should have arrived at the earth on November 27, whioh in fact, it 
did. 

The dynamical evolution of the oorotating stream in Figure 2 is 
surprising and significant. Helios-1 and -2 observed similar profiles of 
V(t) , n(t), and T(t) following the interface, with a time delay of $ 53 hrs 
consistent with oorotation. At the earth, IMP-7 end IKP-8 also saw the 
strean with approximately the expected corotation delay. The surprising 
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result Is that tbs atreas appears to have been absent (or suoh slower) at 
Voyagers* 1, and -2 (Figure 2), even though both apaoeoraft observed the 
stress interface (Figure 3) . This la probably not a latitude effeot like 
that reported by Sohwenn jfcji., 0978), since the latitudes of Voyager-1 
and Earth differed by only 1.5* (the latitude of Voyager-2 was ■ 5.2* 
higher than that of Barth. The heliographlo latitudes of Voyager-1 and 
Earth were 3* and 1*, respectively; these are well within the latitudinal 
range of the coronal hole (-2* to 10*) tentatively identified in Solar 
Oeophysloal Data, 1978. 

A maerloal nodal is needed to show quantitatively that a stress can 
evolve near 1 AU as just described, and this will be dlsoussed in another 
paper. One oan understand the result qualitatively as follows. Ahead of 
the stress, the density and henoe the sosentus flux were high (Figure 3)* 

Inside the stress the density was low and the speed of the stress itself 
was relatively low; the sosentus flux of the stress did not greatly exceed 
that of the flow ahead of it. As the stress evolved, stress was relieved 
sene what by shear at the interface. Nevertheless, two oospression waves 
formed, moving toward and away fros the sun with respect to the interface, 

.respectively. The wave moving toward the sun (l.e., into the stress) 
decelerated the stresa. The wave moving away fros the sun (l.e., ahead of 
the stress) evolved into a forward shock (see below). The importance of 
sosentus flux in corotating stress dynamics has been dlsoussed 
quantitatively by Pizzo (1979s, b) for sose eonventinal stress profiles. A 
decrease of V with increasing distanoe has been dlsoussed by Dryer and 
Stelnol fson (1976). 

The structure of the stress interface observed by Voyagers- 1 and -2 la 
shown in Figure A. In both cases, the density and temperature transi- 
tions oooured in $ 30 sin, consistent with the durations of sose of the 
interfaces Observed at 1 AU by Burlaga (197 A) . The n, T profiles observed 
at Helios-1, 2 are very similar to those in Figure A. The sagnetlo field 
Intensity reached a maximum at the interface (see Figure A), as is usually 
the case (Burlaga, 197A; Sisooe, 1972). In this oaae, there was a large 

») 

charge in sagnetio field direction across the interface at both Voyager-1 
and -2. It is significant tiiat all of the paraseters just described (n, T, 

V, and j}) had nearly the same profile at Voyager-2 as at Voyager- 1, despite 
the separation of v 0.2 AU; this shows that the internal structure of a 


7 




stream interface can be coherent over a relatively large dlstnnoe. Plasma 
wave observations at the interface at Voyager-2 (Figure 4) show no 
significant wave emission in the frequency range 10 Hz to 562 Hz, 
suggesting that the Interface was relatively stable. Similar observations 
of a different interface described by Gurnett et al. (1979 a) showed the 
same result. . ~ 

A "corotating shock" (which we label shock B) was observed by 
Voyagers-1 and -2; this is shown at high resolution in Figure 5. The 
Identification of the disturbance as a shock is based on the simultaneous, 
abrupt increases in V, N p , T p and F s |j}| , . d on the simultaneous ohange 
in the characteristics of the plasma waves. The observation of a shock at 
Voyager- 1 and -2 is not surprising, since models of corotating streams 
(e.g., Hundhausen, 1973; Hundhausen and Burlaga, 1975, Gosling et al .. 

1976; Steinolfson jgl Jl> , 1975; and Dryer £££1. , 1978) predict the 
development of corotating shocks as streams evolve with distance from the 
sun, and many such shocks have been observed beyond 1 AU (Smith and Wolfe, 
1977). The shock normals computed from the Voyager plasma and Magnetic 
field data using the method of Lepping and Argentiero (1971) were directed 
.9° and 14° west of radial, respectively (see Table 3 and Figure 2), 
consistent with corotation. At Voyager-2, the angle between the shock 
normal and the upstream magnetic field was 14.6°; the corresponding angle 
at Voyager -1 was 15.8*. The local shock speed was 400, ± 10 km/s relative 
to a fixed ITame shock at both Voyager-1 and Voyage. -2 (Table 3). This 
speed and the computed shock normals imply a time delay between Voyager- 1 
and Voyager-2 of 4.5 ± 1.3 hr. This compares favorably with the observed 
time delay of 5 hr. 17 min. 

Shock B probably passed Helios-2 and IMP-8 on November 25 and 26, 
respectively (see Table 3). This is significant, because shocks are rarely 
observed ahead of corotating streams at $ 1 AU (Ogilvle, 1974). The 
Identification of shock B at Hellos-1 is based on the observations that 1) 
the magnetic field intensity measured by Neubauer's instrument increased 
from 7 y to + 15 y within 2 minutes (it increased from 7.7 y to 11. 5 y in 
64s) , and 2) the plasma speed density and temperature increased between 
0122 and 0205 UT (see Figures 2 and 3). The shock normal computed from the 
magnetio field data using the coplanarlty theorem, is * n * 60°, ® n * 14°, 
which is close to that expected for corotation in a 300 km/s wind, viz. X n 
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• 50° , • n « 0; here X R ia the heliographio longitude which ia taken to he 
zero for a vector pointing radially away from the sun, and la the 
latitude with respect to the eoliptio plane. The ahook speed computed from 
the observed densities and bulk speeds using the coplanarity normal la 
300 km/s, or 5*10 km/s in the radial direction. This implies that the ahook 
should have arrived at earth 41 hrs after it passed Helios-2 (if It moved 
at oor.stant speed), i.e., at hr 19 on November 26. A SSC was reported at 
1704 UT on November 26, in good agreement with the prediction. IMP-8 vaa 
In the solar wind on November 26, but there are data gaps at the time of 
the SSC. Nevertheless, the magnetic field Intensity nearly doubled at some 
time in a 2 -hr interval centered about the SSC ( Figure 3), and the plasms 
density, temperature and speed increased at some time in a 5-hr data gap 
which included the time of the SSC (Figures 2 and 3). Thus, the IMP-8 data 

are consistent with the presence of a shook at Earth at 1704 on November 

26. Altogether, the data from Helios-2, IMP-8 and the SSC give fairly 
convincing evidence for a shock driven by a oorotating stream, which moved 
nearly radially from 0.6 AU to 1 AU and on to Voyager-1, 2 at 1.6 AU. 

Figure 3 shows that the shock moved away from the interface during the time 
that it moved from 0.6 AU to 1.6 AU. 

It is customary to refer to a shock ahead of a oorotating stream as a 
oorotating shock. This is not appropriate for shock 8, however. If shook 

B were corotating, then it should have been detected at Hellos-1 * 50-60 hr 

before it was observed at Helios-2 (i.e., late on November 23), because 
Helios-1 was at the same radial distance as Helios-2 and * 35 to the East. 
Although the Helios-1 observations are nearly complete and continuous, 
thero is no evidence of a shock at Hellos-1 (see Figures 2 and 3)* A 
possible explanation is that the stream which produced the shoe’., was 
oorotating but not stationary. For example, the stream may have been 
produced by a coronal hole that rotated with the sun, but whose physical 
characteristics changed on a scale of 1 day, producing a time-varying 
stream profile. Indeed, Figure 2 shows that the speed profile measured by 
Hellos-2 differs in some details from that measured by Helios-1, Indicating 
some time variations in this case. Evidence for non-stationary, corotating 
streams was presented earlier by Burlaca et al. (1978). (A model of 
non-stationary flows was presented by Hu £1 gl. (1979), but this does not 
Include the dynamical effects of the sun's rotation.) Shock B was seen at 
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Helios-2, IMP-8, and Voyager- 1, 2 because those spacecraft were near a 
radial line; once formed at < 0.6 AU the shock persisted and waa eonveeted 
past the other spacecraft. But apparently conditions were different at the 
time the stream waa at Helios-i, 35 * £ of Hellos-2, and were pot favorable 
for the production of a shook. 

3. EVENTS. ASSOCIATED WITH A FLARE 

On November 22, 1977 at 2B flare at N23, WAO in HoHath plage region 
15031 was observed in H ft starting at 0946 UT and reaching maxima intensity 
at 1006 UT. Chambon a£ Jui,. (1978) observed hard X-rays and y rays from the 
flare starting at $ 1000 UT. It produced a SID, a type IV burst (starting 
at 1002), a type m burst (beginning at 0959 UT), an interplanetary shook 
wave, and an energetio partial e event. Thus, the event displayed a wide 
range of phenomena that one associates with a great flare (Dryer, 1974). 

Type III .Bursts . The type III solar radio burst produced by the flare 
is the most intense observed to date by Helios- 1 and -2. Helios-2 radio 
observations of the November 22 burst are shown in Figure 6. They are (Tom 
the University of Minnesota (52, 77 and 203 kHz) and Goddard Space Flight 
Center experiments. Electron observations from the Max-Planck-Institute 
fur Aeronomie experiment are also displayed in Figure 6, showing that 
electrons in and near the 20-65 keV energy range were present, consistent 
with the idea that low frequency type III solar radio emission is cause 1 by 
electrons with energies 10 keV to 100 keV (Lin et al. f 1973). Despite the 
data gap around 1010 UT, it is clear that the radio burst was double-peaked 
at the higher frequencies, possibly due to two separate bursts; however 
there was only a single peak at lower frequencies. The first peak reached 
maximum intensity at 1001 UT for 3 MHz, and the merged peak is observed at 
1032 UT for 77 kHz. Much of this delay corresponds to the transit time for 
the energetio electrons from a heliocentric distance of 0.05 AU (3 MHz 
level) out to 0.6 AU (77 kHz level), indicating an outward speed greater 
than 0.2c for the exciter. A few minutes of the delay arise fVom the 
difference 'in propagation time of the electromagnetic waves from the source 
levels to Hellos-2, located at 0.6 AU. 

Flux densities observed for this burst by Helios-2 reached maximum 
-15 -2 -1 

values exceeding 10 Wm Hz for frequencies from 77 to 255 kHz; they 
decreased to approximately 10” WnT Hz at 3 MHz, the highest Hellos 


observing frequency. The 52 kHz channel, which shows strong electrostatic 
noise from 1025 to 1050 UT, is at the peak of the eleotroatatio noise 
spectrun, and it is within 1-2 kHz of the local plasma frequency determined 
from the measured density. Similar bursts were reported by Gurnett .fife al . 
(1978) and Gurnett and Anderson (1977). The eleotrostatio bursts might be 
short compared to the sampling time of the tuned reoeiver. The bandwidth 
of the receiver is about 5 kHz and its rise time, therefore, is about 
0.2 msec, which is instantaneous compared to the deteotor integration time 
to 50 msec. As a consequence, for signals whose duration is sore than 
0*2 msec, the measurement gives the input voltage averaged over 50 mseo. 

The 77 kHz channel is the lowest frequency which did not show 
eleotrostatio noise. Burst radio emission has been reported to be 
generated at twice the local plasma frequency (Alvarez jal. , 1972). 
Consequently the 77 kHz electromagnetic waves deteoted at 0.60 A0 by 
Hellos-2 were propagating backward toward the sun from a source level near 
0.8 AU, where the plasma frequency is half of 77 kHz. 

This burst and the associated electron beam were also observed by the 
Voyager-1 and -2 planetary radio astronomy experiment and low energy 
particle experiment, respectively. The burst arrival directions, found by 
the spinning Helios-1 and -2 antennas, together with the Helios and Voyager 
eleotron data, show that the exciter extends over a wide (> 75*) range of 
solar longitudes. Analysis of the relative intensities and positions 
observed by Helios- 1 and -2 also Indicates that the centroid of the burst 
passed between these two spacecraft. Assuming a source longitude of 40* W 
and a spiral field configuration, a best fit to the intensity versus 
frequency data obtained by Hellos-1 and -2 is obtained for a solar wind 
speed of 300 km/seo. This is consistent with the speeds measured by the 
Hellos plasma instruments, whioh were near 300 km/sec for several days. 

Interplanetary Shocks and Flows. The interplanetary shock wave 
produced by the flare was observed directly by Hellos-1 and -2, IMP-8, and 
Voyager-1 and -2; it was also observed indirectly as a SSC at the earth 
(see Table ‘4 and Figure 7). The shock might have been driven by ejecta, as 
suggested by the sketch in Figure 8, but the ejecta were not actually 
observed, because no spacecraft was suitably positioned. 

If one tries to determine the motion of the shock using a radial 
distance vs. time plot (Figure 9) and the customary assumption of spherical 


syumetry, he encounters difficulties that would have been overlooked If 
there were fewer spacecraft. One difficulty is that the speed determined 
from the time delay between IMP-8 and Voyager- 1 is 418 km, whereas the 
speed determined from the time delay between IMP-8 and Voyager-2 is 568 ± 
20 km/s (the uncertainty is due to a data gap at Voyager-2 between 06:00 
and 09:00 UT). This discrepancy is large, considering that Voyager-1 and 
Voyager -2 were separated by only 0.005 AU in the radial direction and by 
0.2 AU in the transverse direction. 

A second and more extreme example of the inadequacy of the assumption 
Of spherical aysnetry for computing shock speeds is the speed determined 
from the time delay between Voyager-1 and Voyager-2: 14 ± 2 km/st This is 

obviously wrong, and it is far from the speed determined from the analysis 
of the shock data at Voyager-1 (Figure 10), vis. 302 km/s. Ihe shook 
normal and speed computed from the Voyager- 1 data using the method of 
Lapping and Argentiero (1971), were (X R s -34*, « -10°) and V ft • 

302 km/s, respectively (see Table 4). Using these numbers, assuming that 
the shock was plane between Voyager- 1 and Voyager-2, and considering the 

inertial solar ecliptio positions of Voyager-1 (r. s (2.280, -0.274, 0.115) 

8 * 8 
x 10 km) and Voyager-2 (r 2 = 2.285, -0.533, 0.267) x 10 km) , one finds that 

the predicted time delay between Voyager-1 and Voyager-2 is 11 hrs, 13 win, 

which is reasonably close to the observed delay, (15 ± 1.5) hrs. (The ± 

1.5 hr uncertainty is due to a data gap.) The small discrepancy may be 

attributed to uncertainties in the shock normal and to curvature of the 

shock surface. By contrast, the time delay predicted using the assumption 

of spherical symmetry is only 36 min. We conclude that the use of time 

delays and assumption of spherical symmetry does not always give accurate 

shook speeds, whereas the use of local Jump conditions and observations did 

give reasonably accurate estimates of the shock speed and direction in this 

case. The observed orientation of the shock is consistent with that 

expected for a shock with a radius of curvature less than 1.6 AU, 

originating at the flare site. 

Bellos-2 observed two shocks (A^ and A^, at 1610 UT on November 23 and 
at 0611 UT on November 24, respectively; see Figures 7 and 11). However 
IMP-8, which was at nearly the same latitude and longitude and which was 
only 0.36 AU away from Helios-2, observed only one shock (A^ at 1213 UT on 
November 25; see Figures 7 and 10). We cannot unambiguously determine why 
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2 shocks passed Helios-2 (several origins can be Imagined), but we oan 
suggest why only one shook was subsequently observed at IMP-8 and at 
Voyagers- 1 and -2. The radial speed of shook A1 , determined from the looal 
plasma and magnetio field observations of the shock by Method MD1 of 
Abraham-Shrauner and Tun (1976), was 353 km/s. The corresponding speed of 
Ag was 467 km/s. Thus, although Ag followed ky (i.e., it was closer to the 
sun, see Figure 7), it was moving faster than A^. Consequently, Ag should 
have overtaken ky at some point; assuming oonstant speeds, this point was 
at 1.08 AU on the Helios -2 -sun line. If the computed shock normals (Table 
4 and Figure 7) are even approximately correct, the Shooks should have 
Interacted along the earth- sun line before they reached IMP -8 near the 
earth. The observation of only one shook at IMP-8 suggests that when the 
shocks interacted, they coalesced. This is in agreement with gas dynamic 
theory where the overtaking of one shock ( A^) by a following one (Ag) leads 
to a coalesced shock moving forward and a reverse rarefaction fan which, 
because of its spreading, is difficult to observe. (In MHO the interaction 
leads to seven distinct MHD-structures the most prominent ones of which are 
a forward fast shock and a reverse fast rarefaction wave.) The resultant 
shock propagated to Voyager- 1, which was close to the earth-sun line. Its 
radial speed at VI, determined from the shock observations using the method 
of Lepping and Argentiero (1971), was 369 km/s, which is in reasonable ' 
agreement (considering typical normal errors) with the speed determined 
from the time delay between IMP-8 and Voyager- 1, viz 427 km/s. Evidence 
for shock-coalescence in Pioneer data has been reported by Smith al . 

(1977). A second alternative would be a sufficient weakening of one shock 
before it interacted with the other one. (Note that the very weak shock 
would still have to interact with the second shock.) This possibility is 
ruled out by the following two arguaents: Aj cannot be the weakened shock 

since it fits very nicely into the propagation diagram (Figure 9) in 
contrast to shock A^. He rule out a large weakening of shock A^ since it 
is followed by a long-lasting region of increased momentum and energy flux 
as shown in Figure 7. 

A remaining aspect which requires clarification is the observation of 
one shock only at Helios-1. A posslole explanation for this observation 
may be the presence of the stream interface and an interaction region 
between Helios-1 and Helios-2 (Burlaga and Scudder, 1975). If we 




approximate the interface as a tangential discontinuity! its interaction 
with Aj may lead to the latter's disappearance (see e.g., Neubauer, 1976). 


During the Helios-Voyager-IMP Workshop, it was noted that a shook was 
observed by Helios- 1 and -2 on Deoember 1 and by Voyagers- 1 and -2 on 
Deoember 2, and it was decided to include this event in the Joint study. 

The Interplanetary data are nearly complete for Helios- 1, as shown In 
Figure 12. However, the solar data do not show any large flare which might 
have produced the shock. One candidate is an SN flare at S24, E85 which 
began in H^ at 0338 UT on November 30 and reached a maximum at 0350 UT. 

This small flare was associated with an X-ray burst (starting at 0330 UT, 
with a maximum at 0348 UT) and a SID (starting at 0334 UT, with a maximum 
at 0349 UT). This implies deceleration of the shock within 0.6 AU (see 
Gosling jgl. , 1968). In view of the uncertainty concerning the source of 
the shock, our discussion emphasizes the interplanetary observations. 

Post-shock conditions. The density and temperature profiles In Figure 
12 suggest that the shock observed by Helios- 1 was followed by ejecta in 
which the density and temperature were low. There is also evidence for 
enhanced magnetic field intensities in the ejecta. Helios-2 may also have 
observed the ejecta (Figure 13), but this is less certain because of a data 
gap. The shock was also detected by Voyager-1 and -2 (See Figures 13 and 
14), but they did not encounter ejecta like that seen by Helios-2. 

(Voyager-1 observed a small depression in density on December 4 and a small 
increase in B on December 4, 5; this was probably a local phenomenon, since 
it was not seen by Voyager-2 which was nearby. This signature is clearly 
different from that seen by Helios- 1 so we do not identify it as ejecta.) 
Thus, the evidence is that the shock had a wide longitudinal extent (> 40°; 
see Figure 15), and was driven ejecta less broad, originating east of the 
Voyager-Sun line. 

Note that Voyager-2 observed a nearly monotonic decrease in speed, 
density, temperature, and magnetic field strength behind the shock 
(Figure 13). Many authors have Interpreted such a signature as evidence 
for a blast wave, generally on the basis of observations from Just one 
satellite (see Hundhausen, 1972). However, the observation of ejecta at 
Hellos-1 indicates t: at this was probably not a blast wave; it was a driven 
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shock. Voyager-2 saw the shock, but it did not encounter the ejecta due to 
its more limited longitudinal extent. This shows that the signature of the 
post-shock flow is not sufficient to identify the type of a shook wave. 

This point was made previously by Qgilvie and Burlaga' C 197M) and by Bosenau 
and Frankenthal (1978); it has recently been demonstrated very olearly by 
Aouna £& gl. (1979). The concept of a broad shock driven by narrow ejeota 
is not new, although it is often forgotten or ignored. It dates back at 
least to Gold (1959). 

Shook motion . Figure 16 gives a plot of radial distanoe versus tine, 
showing the shook positions and tines determined from the observations of 
Helios- 1, -2, Voyager- 1, -2 and from a sudden commencement at Earth. The 
points lie very dose to a straight line with a slope corresponding to a 
speed of 555 km/s. Considering that Helios-1 was 19* east of the 
Voyager-2-sun line and that Earth was 17° west of that line, the straight 
line in Figure 16 suggests a nearly spherical shock front moving at a 
constant speed between 0.6 AU and 1.6 AU. Similar results for the August, 
1972, events were reported by Snith jet gl. (1977) and Dryer et al. (1976). 
However, examination of the local shock speeds and normals reveals a more 
complicated picture. Since Voyager-2 and Helios-2 were nearly radially 
aligned, and since Figure 16 suggests a spherical shock, one expects that 
Voyager-2 and Helios-2 should have observed essentially the same shock 
speed and direction, the radial component of velocity being close to 555 
km/s. The local jimp conditions give rather different results (Table 5): 

1) The local speeds were substantially less than the speed determined from 
the average speed determined from the time delay; and 2) the shook normal 
at Hellos-2 (i R * -3*, e n s 17°) was very different from that at Voyager-2 
(x n * 38°, 6 r * -6°). These differences are too large to be attributed to 
uncertainties in the computation of the local shock speed and direction. 

The field and plasma parameters were relatively steady before and after the 
shock, the field direction change was relatively large (18* at Helios-2) , 
and we used both magnetic field and plasma observations, so we expect the 
uncertainty in speed to be £ 20 km/s and the uncertainty in direotion to be 
£ 10° (Abraham-Shrauner and Yun, 1976; Lepping and Argentiero, 1971). Thus 
the observations suggest that locally the shock surface may have been 
distorted such that the normal was not radial, although the normal may have 
been radial on average. Likewise, locally the shock may have been 
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accelerated or decelerated giving local speeds higher than average in one 
place, lower than average in a second place, and near-average in a third 
place (Heineman and Siscoe, 1974; Burlaga and Soudder, 1975)* For example, 
the radial component of the local velooity at Voyager-2 (530 kn/a) la 
consistent with the average speed determined from time delay (555 tan/s) 
within the experimental uncertainties, but the radial component of the 
local velooity at Hellos-2 (460 km/ a) is substantially less than the 
average value. Since Helios-2 and Voyager-2 were nearly radially aligned, 
this suggests that the radial component of the shook velooity may have 
fluctuated as much as • ± 100 km/s, and its direction may have fluctuated 
as much as ± 40° as it moved between 0.6 AU and 1.6 AU. The alternative is 
to postulate very large azimuthal variations. 

5. PLASMA HAVES AT SHOCKS 

Helios- 1, -2 and Voyager-1, -2 carried plasma wave Instruments (see 
Curnett and Anderson, 1977; and Scarf and Curnett, 1977, respectively for a 
discussion of the instruments) , which provided an extensive set of 
observations of waves near the interplanetary shocks discussed above. 

These observations were used as a means of searching for and confirming the 
identity of the shocks. More important, however, they provide an excep- 
tionally large and complete record which form a basis for a comparative 
study of waves at interplanetary shocks. Only a few papers discussing 
plasma wave electric fields at interplanetary shocks have been published 
(Scarf, 1978; Soarf ital., 1979, and C-urnett ji. , 1979a, b). Here we 
shall present only a qualitative discussion stressing the remarkable 
variety of signatures. A more comprehensive physical discussion is 
deferred to another paper. 

The wave data are given together with the plasms and magnetic field 
observations of the shocks in Figures 5, 10, 11, 12, and 14. The electric 
field intensity is plotted versus time for each of several frequency 
channels on a logarithmic scale with a range of 100 db for each channel. 

The electric field strength ranges from about 1y V m”* at the bottom of the 
scale to 100 mV m“* at the top of the scale. The solid lines represent 
peak electric field amplitudes and solid black areas (or vertical solid 
lines in some cases) represent the average electric field amplitude. 
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Let us consider the Individual shook observations in the order In whioh 
shocks were introduced above, beginning with shook B. This shook had not 
developed at the position of Helios-1, but it was observed at both 
Voyager- 1 and Voyager-2 (Figure 5), whioh were at essentially the sane 
radial distance (1.6 AU) and separated by $ 0.2 Ad. The Voyager-1 plaaaa 
wave observations show at least three different types of emissions: 

1. turbulence extending downstream of the shook at 
frequencies < f , Identified as whistler mode turbulenoe 

2. waves extendlng*upstream at frequencies from about 1.0 to 
5.62 kHz, tentatively identified as ion aooustlo waves, 
and 

3. a short, well-defined broadband burst at the shook at 
frequencies from 10 Hz to 5*62 kHz. 

These types of emissions have been discussed by Scarf gfc gl. (1970), 

Gurnett and Frank (1978), and Gurnett gt jl. (1979b). Voyager-2 also 
observed the whistler mode turbulence extending downstream from the shock, 
and it observed a peak corresponding to the broadband emissions at the 
shock. There are no Voyager-2 data above 1 kHz, probably due to a failure 
in the spacecraft data system which reduced the sensitivity of these 
ohannels. 

Plasma waves at shock A were observed by Hellos-2 (Figure 11), and by 
IMP-8 and Voyager-1 (Figure 10). Whistler waves were not observed 
downstream of the shock at Hellos-2 and IMP-8, but they were observed 
downstream of the shock at Voyager- 1. The shock at Hellos-2 is almost 
totally obsoured by a broad region of ion acoustic wave turbulence from 
about 562 Hz to 10 kHz; these waves are not necessarily all associated with 
the shook (Gurnett and Frank, 1978). IMP-6 and Voyager-1 (Figure 10) 
observed ion acoustic waves upstream of the shock between f p and f^". 
Helios-2 (Figure 11) observed a sharp burst of noise in the 311 and 562 Hz 
ohannels coincident with the passage of shock; IMP-8 found some evidence of 
a corresponding noise burst below fp + » and Voyager-1 observed a noise burst 
at the shock in the range 31 Hz to £ 1.78 kHz. 

Shock C was observed by Helios-1 and -2 and by Voyager-2 (Figures 12, 
13, and 14) . None of the spacecraft observed Intense whistler mode 
turbulence behind the shock. Helios-1 and Helios-2 observed an enhancement 
in electric field intensity in the range 562 Hz to 10 kHz with a large peak 
to average ratio, probably due to Doppler-shifted ion-accustic wave3 
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(Gurnett and Frank, 1978). The waves extended both upstreaa and downstream 
at Helios-1, but only downstream at Helios-2. Voyager saw only weak 
emission of such waves, downstream of the shook. A sharp, intense (1 to 5 
■V m"b broadband burst of electric field turbulence was observed at 
Helios-2, but it was absent at Voyager-2 and missing or ob soured by the Ion 
acoustio waves at Hellos-1. 

We conclude that at least three types of emissions (in various 
oomblnatlons) may be observed at an interplanetary shook, vis., downatrean 
"whistler-mode turbulence", upstream "ion-acoustic" waves, and a brief 
broadband noise burst coincident with the shock. In some oases, only one 
or two of these is observed. In addition, the shock may be embedded in a 
broad region of "ion- acoustic" waves not necessarily caused by the shook. 
The combination of wave-types and the characteristics of each wave node 
seen at one spacecraft may be very different from those observed by another 
spacecraft nearby. Apparently, the plasma waves at a shock depend strongly 
on the local characteristics of the medium. This is not surprising, since 
it has been observed in the case of the earth's bow shook (Greenstsdt, et 
1975). However, the basic types of emissions are the same at 0.6 AU 
as they are at 1.6 AU. 


6. jaifiRGBIlC PROTONS 

In the interval November 22 to December 6, 1977, Helios and Voyager 
instruments observed energetic protons (£ 50 to 200 keV) produced by at 
least two mechanisms: local shock acceleration and acceleration in a 

flare. It is convenient to begin by discussing the former, slnoe shock 
accelerated particles are less complicated by propagation effects. 

Shook Acceleration . Protons accelerated by a shock are seen most 
clearly in the case of shock C which was relatively Isolated and 
uncomplicated, as discussed in Section 4. Recall that Voyager-1 and -2 
observed a shock behind which the flow parameters and magnetic field 
intensity dropped gradually to the preshock values; there was no evidence 
of ejecta like those observed by Helios- 1. Figure 17 shows enhancements in 
the counting rate of protons at Voyager- 1 and -2 in the energy range £ 50 
keV to + 138 keV; the maximum intensity occured at or just behind the 

ft 

shock. At Voyager-2 the peak counting rate was £ 100 times the ambient 
value, and at Voyager-1 the enhancement was somewhat smaller. The 
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enhancement began £ 15 hr ahead of the ahock at both Voyager- 1 and -2. Zt 
persisted for £ 32 hr behind the shook at Voyager- 1 and $ 28 hr behind the 
shook at Voyager-2. There were small differenoes in the shapes of the 
profiles whloh might be due to differenoes in the looal magnetic field 
configurations. Basically, however, the proton enhancement at Voyager-1 
was similar to that at Voyager-2. This may be due to the simple geometry 
of the shook near Voyagers**! and -2 and to their relatively small 
separation (0.2 AU). 

The situation at Hellos-1 and -2 was quite different. Both spaoeoraft 
observed an enhancement in counting rate of protons (Figure 17)* The 
maximum enhancement at Helios-2 was only £ 20 times the background oountlng 
rate and it ooourred at the shook. Two maxima were observed by Helios-1, 
and the shock ooourred between them. A compression wave was observed at 
the time of the second maximum (Figure 12), but the time resolution was not 
adequate to determine whether or not it was a shook. The oountlng rate 
dropped abruptly approximately 6 hr after the shook at both Helioa-1 and 
-2, in contrast to the more gradual, longer lasting decline at Voyagers-1 
and -2. This might be due, at least in part, to the presence of ejects at 
Helios-1 and at Helios-2, which were not observed by Voyagers-1 and -2. 
(There is no accepted signature for the boundary of ejecta, and we cannot 
be certain that we have Identified one. The vertioal line labeled boundary 
in Figure 17 corresponds to an abrupt decrease in density observed behind 
the shooks in Figure 12 and 13). The enhancement began £ 6 hr ahead of the 
shock at Helios-2 and a few hours ahead of the shook at Helios-1; the 
slight difference oould be due to different acceleration efficiencies of 
the two shocks and/or to different upstream magnetic field conditions which 
gave connection to the shocks at slightly different times. There is a 
curious enhancement at Helios- 1, occurring several hours ahead of the 
shock-associated enhancement but closely resembling it. One can imagine 
that this was due to a magnetic field geometry which provided a good 
connection between the observer and the shock for several hours before the 
shook arrived. 

The differences between the enhancements at Helios-1 and Helios-2 and 
the differences between the enhancements at Voyager- 1 and Voyager-2 
Indicate that local conditions do influence the intensity profile somewhat. 
Note, however, that the Voyager- 1, -2 profiles have a greater maximum 


enhancement and a greater upatream extent than the Helios- 1, -? profiles. 
One possible reason for this (but not the only one) is that Voyager-1 , -2 
were farther from the sun than Helios- 1, -2, so that the shook at 
Voyager-1 , -2 had been aooelerating partioles for a longer time and perhaps 
sooelerated and aooumulated more partioles than it had when it was at the 
positions of Helios-1 and -2. 

Flare-acc elerated Particles . Now let us dlsouss the low energy ($ 25 - 
200 keV) protons ejected by the flare of November 22, 1977 (see Seotlon 3 
for a dlsoussion of the flare oharaoteristios and the corresponding 
interplanetary flows). Hellos- 1 and -2 observed very different 
intensity-time profiles during the deoay in intensity (Figure 18), even 
though they were at nearly the same radial distance and were separated in 
longitude by only 32° (see Figures 1 and 8). At Helios-1, the intensity 
deoreased smoothly and monotonically for at least 3 days (Figure 18). The 
corotating, stream discussed in Seotion 2 was east of Helios-1 at the 
beginning of the event and the lnterfaoe passed the spaoeoraft £ 16 hr 
later with only a small perturbation mi the intensity-time profile. 
Apparently the flare Injected partioles over a broad range of longitudes 
near the sun, so that the intensity versus longitude was nearly uniform 
aoross the oorotating lnterfaoe. The -partioles in the slow flow ahead of 
the interface decayed freely (e.g., by diffusing to infinity, Kurt »t gl . T 
1978) for at least 16 hrs after the flare, and the partioles in the 
oorotating stream decayed similarly for at least three days sfter the 
flare. In particular, partioles in the oorotating stream were unaffected 
by the flare associated shook wave (shook A) and the post shook flow (see 
Seotion 3 and Figure 8). 

The intensity-time profile at Helios-2 was quite different from that 

at Hellos- 1, probably because it was influenced by the flare-associated 

shock and post-shock flow. The early part of the decay seen by Helios-2 

was very similar to that observed by Helios-1 (Figure 18), the flux 

decreasing monotonically for at least 12 hrs. As shook Aj (produced by the 

flare) approached Helios-2, the counting rate of energetlo protons began to 

increase, reaching a maxim® at the time shock A- reached Helios-2. The 

6 2 c 

maxim® flux was b x 10 ions/ cm sec star MeV. Tne maxim® counting rate 
was $ 25 times that measured by Helios- 1 at the same time, i.e., comparable 
to the inorease which Hellos-2 observed at shock C, as described above. 
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This increase nay be due to: 1) partioles accelerated by the shook, 2) 

flara partioles trapped behind the shook, and/or 3) energetic stora 
partioles. Following the shook, the counting rate again deoreased until 
the interaction region of the oorotating streaa arrived at Helios-2, at 
which tlae there was slight lnorease In the counting rate, perhaps due to 
compression In the interaction region. When the lnterfaoe arrived, the 
counting rate at Helios-2 dropped rapidly (exponentially with a tlae soale 
of 3 hr) to approximately the saae level that Hellos- 1 reoorded. 

Apparently particles accelerated by shook A could not penetrate the streaa 
lnterfaoe and many were trapped In a region bounded by the lnterfaoe on one 
side and the shock on another aide. The ejeota from the flare alght ha**© 
provided the third boundary. The scenario that has been deseribed Is 
represented schematically in Figure 8. 

Voyager- 1, and -2 observed Intensity- time profiles of protons In the 
energy range £ 50 keV - 138 keV (Figure 19) which resemble the profile 
recorded by Helios-2. During the early stage of the decay, both spacecraft 
observed a monotonic decrease in counting rate lasting £ 16 hrs. (The 
initial increase in counting rate and the first hour or two of the decay 
includes an uncertain contribution to energetio, omni-directional 
particles.) The counting rate then increased gradually during the next 8 
days, reaching a maximum counting rate at the time that shock A arrived. 
(Recall that there was a data gap at Voyager-2 between 06:00 and 09:00 UT, 
so the shock was not observed dlreotly.) This gradual increase lasted too 
long to be due to particles accelerated by the shock alone. Probably, 
energetio storm particles were present. The rapid increase several hours 
ahead of the shock at Voyager- 1 and -2, however, is probably a contribution 
due to shock acceleration. The enhancement is relatively small, no more 
than about 16 times the ambient «alue. It did not extend above 0.5 MeV for 
protons. No modulation of electrons in the range 0.03 - 1.5 MeV was 
observed. At the time of the shock, Voyager- 1 observed a strong anisotropy 
(3.5:1), the particles flowing away from the sun. Shortly after the shock 
passed, the anisotropy direction reversed and particles were observed to be 
streaming toward the sun, consistent with the hypothesis that most of the 
particles observed near the shock were accelerated by the shock. Fbllowing 
the shock, the counting rate decreased, rapidly at first and then more 
slowly. Shock B (see Section 2) arrived at Voyagers- 1 and -2 during the 
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deoline in intensity, on Noveober 29, and the corotating stream interface 
arrived several hours later. A very small increase in the counting rate of 
low energy protons was observed by Voyager-2 and an even smaller increase 
by Voyager-1, but those were insignificant compared to the other 
shock-associated enhancements described above. A small inorease in oounting 
rate was observed in the interaction region ahead of the interface (Figure 
19) • analagous to that observed on November 25 by Hellos-2 when it 
encountered the interaction region (Figure 18). 


7. SUMMARY 

Ve have presented a wealth of data obtained at * 0.6 AU, 1 AU, and 1.6 
AU, describing the evolution and interactions of particles, flows, and 
fields in the period November 22, to December 6, 1977. Some of the 
principal results of our analysis of these data are the following: 

1. A small, corotating stream, originating in a coronal bole, was 
observed to disappear as it moved from 0.7 AU to 1.6 AU. A forward shock, 
(shock B) , was produced K- the stream and observed by Helios-2 (0.6 AU), 
IMP-8 and Earth (1 AU) and Voyager- 1, 2, which were nearly radially 
aligned; however, the shock was not corotating because it was not seen at 
Helios-1, 35° E of Helios 2. Apparently, the flow was corotating, but 
non-stationary. The stream interface corotated from 0.7 AU to 1.6 AU and 
persisted even though the stream had dissipated; it was stable and its 
structure remained essentially the same at all positions. 

2. An exceptionally intense type 111 burst, produced by the Novem- 
ber 22, 1977 flare, was observed by Helios- 1 and -2. The electron beam 
which caused it, and plasma oscillations excited by the beam were observed 
at 0.6 AU. 

3. The shock produced by the flare of November 22 (shock A) was 
non-spherical, pointing 3 1 * 0 to the E and 10° S of the radial direction at 
1.6 AU. It interacted with another shock beyond 0.6 AU, and they coalesced 
forming a single shock that was observed at 1 AU and at 1.6 AU. 

4. A shock of uncertain origin (shock C) was observed by 5 spacecraft 
at radial distances from the sun ranging from 0.6 to 1.6 AU and with 
longitudinal separations up to 36° . The radial distances versus time 
diagram suggested a spherical shock moving at a constant speed, but 
analysis of data at the shocks showed local fluctuations of up to 100 km/s 
in speed and 1»0° in direction. 
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deoline in intensity, on November 29, and the corotating stream interfaoe 
r arrived several hours later. A very small Increase in the counting rate of 

*' low energy protons was observed by Voyager-2 and an even smaller increase 

by Voyager-1, but those were insignificant compared to the other 
shook-assooiated enhancements described above. A small increase in counting 
rate was observed in the Interaction region ahead of the interfaoe (Figure 
! 19) » analagous to that observed on November 25 by Hellos-2 when it 

encountered the interaction region (Figure 18). 

7. SUMMARY 

Ve have presented a wealth of data obtained at * 0.6 AU, I AU, and 1.6 
AU, describing the evolution and interactions of particles, flows, and 
fields in the period November 22, to December 6, 1977* Some of the 
principal results of our analysis of these data are the following: 

1. A small, corotating stream, originating in a coronal hole, was 
observed to disappear as it moved from 0.7 AU to 1.6 AU. A forward shock, 
(shock B) , was produced by the stream and observed by Helios-2 (0.6 AU), 
IMP-8 and Earth (1 AU) and Voyager- 1, 2, which were nearly radially 
aligned; however, the shock was not corotating because it was not seen at 
Helios-1, 35° E of Helios 2. Apparently, the flow was corotating, but 
non-statlonary. The stream interface corotated from 0*7 AU to 1.6 AU and 
persisted even though the stream had dissipated; it wau stable and its 
structure remained essentially the same at all positions. 

2. An exceptionally intense type III burst, produced by the Novem- 
ber 22, 1977 flare, was observed by Hellos-1 and -2. The electron beam 
which caused it, and plasma oscillations excited by the beam were observed 
at 0.6 AU. 

3. The shock produced by the flare of November 22 (shock A) was 
non-spherical, pointing 3^° to the E and 10° S of the radial direction at 
1.6 AU. It interacted with another shock beyond 0.6 *U, and they coalesced 
forming a single shock that was observed at 1 AU ano . 1.6 AU. 

A. A shock of uncertain origin (shock C) was observed by 5 spacecraft 
at radial distances from the sun ranging from 0.6 to 1.6 AU and with 
longitudinal separations up to 36° . The radial distances versus time 
diagram suggested a spherical shock moving at a constant speed, but 
analysis of data *• the shocks showed local fluctuations of up to 100 km/s 
•: in speed and H0° in direction. 
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5. One or more of three types of electrostatio waves were observed at 

interplanetary shocks: upstream waves with f p ” £ f < t p *, downstream waves 

with f < f ”, and broadband noise at the shock. These three types of 
emissions were observed at 1.6 AU as well as 0.6 AU. The speoifio pattern 
varied greatly among the shocks observed, even for the same shook observed 
at olosely separated (£ 0.2 AU) spacecraft, indicating a strong dependence 
on local shock and solar wind parameters. 

6. Energetic protons (£ 50 to 200 keV) were observed to be accelerated 
at shooks. The maximum and half widths of the flux profiles at a shook 
differed by approximately a factor of 2 over distances of a few tenths of 
an AU, Indicating a dependence on local conditions. The data suggest a 
tendency for the fluxes to become broader and more Intense with increasing 
distance from the sun. 

?. Ehergetic protons (s 50 keV) from the November 22, 1977 flare were 
observed. Helios-1 observed that their intensity decayed monotonically in 
the corotating stream, with little change across the stream Interface. 
Helios-2, 30° to the west of the interface, observed a very different 
profile, with a second increase to a maximum at the time the shock produced 
by the flare arrived. These "extra" particles apparently did not penetrate 
the interface, for the intensity at Helios-2 dropped abruptly to the 
Intensity observed at Helios- 1 when the interface oorotated past Helios-2. 
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FIGURE l Eoliptic plane projection of the trejeotorlee of Hellos-1, -2 
end Voyager- 1, -2 shown in the inertial solar eoliptlo 
coordinate system for the interval November 22 - Deoember 6, 
1977. 

figure 2 Corotating interface. The top panel shows the assooiated 
stream relative to the interface at each spacecraft. The 
bottom panel shows the intersection of the interface with the 
eollptio plane at the time that it passed each of the 
spacecraft. The dashed circular arc passing through Earth 
represents Earth* s orbit. The position of shock B is also 
shown, and its orientation is illustrated in the bottom panel. 



F1QURE 3 The oorotating stream interface (top) seen by each of the 

spacecraft. The interface is defined by the abrupt decrease 
in density and the corresponding increase in temperature. 

Times have been shifted so that the interfaces are aligned 
vertically, allowing a comparison of the density, temperature, 
and magnetic field intensity profiles (bottom). 

FIGURE t Structure of the interface, shown by a plot of high resolution 
magnetic field and plasma data ( top) , and corresponding plasma 
wave observations . The interface is relatively broad (30 
min) , its structure does not change appreciably over the 
0.2 AU separation between Voyager- 1 and Voyager-2, and there 
is no evidence of an instability that might produce wsvea £ 
f p + at Voyager-2. 

FIGURE s Stock B, showing the high-resolution magnetic field and plasma 
data (top panel) am plasma wave observations (bottom panel) 
near the shock. Tne flow and field parameter* are steady 
before and after the stock front, allowing accurate 
determination of its normal and speed. Whistler wave 
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turbulence is observed at f < fp* behind the shook; a short 

burst of broadband turbulenoe is observed at the shook; and 

"ion-acoustic" waves are observed at f * < f < f “ ahead of 

/ P P 

the shook. 

FIGURE 6 A type 111 burst (77 kHz to 3000 kHz) » the beam of eleotrone 
(20-65 kef) which produced the burst, and plasma waves (at the 
local plasma frequency, 52 kHz) produced locally by the 
eleotron beam. The profiles at 52, 77 and 20' kHz are from 
the University of Minnesota experiment; the others are from 
the Goddard Space Flight Center experiment on Helios-2. 

FIGURE 7 Shocks A^, A^» A^ and the stream interface. At 0600 UT, 

November 24, 1977, the interface had passed Helios- 1, but had 
not reached Helios-2. One shock ( A.) was approaching Helios-1 
and arrived at Helios-1 late on November 24. Two shocks were 
observed by Helios-2. One (Ag) arrived at Helios-2 at 0611 UT 
on November 24, and another was a short distance ahead of it. 
A^ and Ag coalesced into 1 shock (A^) as they moved from 
Helios-1 to earth, where A^ was detected by IMP-8. 

FIGURE 8 A sketch, approximately to scale, showing the position of 

shock B, the stream interface, and shock A^ at 0600 UT, when 
was approaching Helios-2. T'.e positions of the spacecraft 
and the flare site at that time are also shown. The 
hypothetical ejecta were not observed. The flare produced 
energetic protons which escaped freely through the stream. 
Shock Ag accelerated particles locally and perhaps trapped 
some of the flare particles, producing a local maximum in 
counting rates at the shock observed by Helios-2. These 
shock-accelerated particles did not penetrate the stream 
interface and were not observed by Helios- 1. 
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figure o Propagation of shook A. Ths radial position of ths shook Is 


shown at the times that the shooks arrived at Helios- 1 (HI), 
Helios-2 (H2) i IMP-8, Voyager-1 (VI) and Voyager-2 (V2) . The 
two shooks observed by H2 ooalesoed into the one shook 
observed by IMP-8. Departures from spherioal symmetry of 
shook A are lndioated by the soatter of the points about a 
straight line. 
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FIGURE IQ High resolution magnetlo field and plasma data show that Aj| 

(at IMP-8) and A^ (at Voyager- 1) are shooks. A narrow, 
broadband burst of eleotrostatio noise was observed at the 
time of the shook by both spacecraft. "lon-aooustlo w waves 
between f " and f* were observed upstream by both spaoeoraft. 
Voyager- 1 also observed whistler mode turbulenoe at f < fp* 
behind the shook. 


FIGURE 11 High resolution magnetlo field and plasma data showing that Aj 
and Ag are shocks (or steep compressive waves). Eleotrostatio 
plasma wave data from Helios-2 show that the shook was 
imbedded in a broad region of doppler-shifted "ion-acoustic* 
waves. A narrow spike was observed at 562 and 311 Ha at the 
time of the shook. 
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FIGURE 12 High resolution plasma and magnetic field data showing shook C 

and a boundary behind it, which might be the boundary of the 

ejeota (oontaot surface). Note the depressionn in magnetlo 

field Intensity at the boundary. Eleotrostatio plasma waves 

are observed between f ” and f ' * at the shock, but no 

P P 

significant waves are observed at the oontaot surface. 

FIGURE n Sixteen-mln. averages of the speed, density, temperature, and 
magnetlo field intensity, showing shook C, the pre- and 
post-shock conditions, and the post-shook conditions at 
Hellos-1, -2 and at Voyager- 1, -2. Note the drop in density 
and temperature and the high magnetic field intensities behind 
the shook at Helios- 1 and -2, suggesting entry into the 




36 


ejecta. The parameters slowly deorease behind the shook at 
Voyager-2, to the pre-shook levels, Indicating that this 
apaoeoraft did not penetrate the ejecta. 


MOURE m High resolution magnetio field data showing shook C. The 

plasma wave data show a short broadband burst at Hellos- 2 , but 
not at Voyager-2. Eleotrostatlo waves were observed behind 
shook C at frequencies between 31 1 Hs - 17.8 kHs by Hellos-2, 
and over a sore limited frequency range (178 Hs - 5.62 kHs) by 
Voyager- 2 . 

FIGURE is A sketoh, drawn approximately scale, illustrating the 
position of shook B, corresponding stream interfaoe, the 
position of shock C and the corresponding ejecta at hour 0 on 
Hovember 30, 1977* The positions of Helios-1, -2, Voyager-1, 
-2, and Earth at this time are also shown. 

FIGURE 16 Propagation of shook C. The radial distance at the times that 
the shook passed each of the spacecraft are shown. The 
straight line fit suggests a uniform speed of 555 km/a and 
spherioal symmetry, but looal observations indioate 
appreciable soatter about those values. 


FIGURE 17 Counting rates of energetic protons near shook C, observed by 
Helios- 1, -2 and Voyager- 1, -2. The broad, intense fluxes of 
partioles at Voyagers - 1 and -2 olosely resemble one another, 
but they differ appreciably from the narrower, less intense 
fluxes observed by Helios- 1 and -2. The Hellos-2 profile 
differs appreciably from that of Helios- 1 . The abrupt 
decrease In counting rates behind the shook observed by 
Hellos- 1 and Hellos-2 may be due to a flow boundary (e.g., a 
piston) behind the shook. 



FIGURE 18 Counting rates of energetio protons produoed by the Novem- 
ber 22 flare and by shook A, as observed by Helios-1 and -2* 
The speed profiles are shown as an aid in deaoribing the 
corresponding flows. Hellos- 1 and Helios-2 observed aiallar 
intensity-tine profiles during the initial stage of the decay. 
Helios- 1, whioh was in the oorotatlng stream continued to 
observe an uninterrupted) monotonlo decay to the background 
level three days later. Hellos-2 observed a second inoreaae 
of flux. The intensity dropped abruptly when the interface 
arrived, beoause the accelerated particles did not penetrate 
the interface. 

FIGURE IQ Counting rates of energetic protons observed by Voyager- 1 and 
-2. Speed profiles are shown to indioate the flow conditions. 
Both Voyager-1 and -2 observed, flare partioles on November 22. 
The broad lnorease between November 27 - November 29 may be 
due to energetic storm partioles. Locally aooelerated 
partioles are observed at the transient shook A, but there is 
no significant lnorease at the stationary shook B. 
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ABSTRACT 

The volume emiaaivity has been calculated for thirty-six type III 
aolar radio burata obtained from approximately 6.5 year a of IMP 6 
and ISEE 1 satellite data. Although the emisaivitiea for these events 
vary over a large range, all the emisaivitiea decrease rapidly with 
increasing heliocentric radial distance. The beat fit power lav for the 
emiaaivity, using the average power lav index for all events analyzed, 
is J » with J Q ■ 1.5 x ltT 24 watts m"^ ater“\ Ibis beat fit 

emiaaivity ia used to estimate the expected radial variation of the 
plasma oscillations responsible for the type III radio emission. 
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I 

[ 

!. I. INTRODUCTION 

i 

.! 

| ' ; 

i 

Type III solar radio bursts are characterised by an emission fre- 
quency which decreases with increasing time. These bursts are produced 
by solar flare electrons traveling away from the sun along the inter- 
planetary magnetic field lines. The decreasing emission frequency with 
increasing time is attributed to the decreasing electror . asms frequency 
encountered by the exciter electrons as they move outward away from the 
sun [Wild, 1950; Lin, 1970; Alvarez et al., 1972’ The w ration of 
type III radio bursts is thought to be a two-step process 3. i *nich 
electrostatic electron plasma oscillations are first produced by the 
energetic electron stream and are then converted to electromagnetic 
radiation by nonlinear interactions [Ginzburg and Zheleznyakov, 1958: 

Sturrock, 1961; Tidman et al., 1966; Papadopoulos et al., 197**; Smith, 

197**]. Fcr a reviev of low frequency type III burets see, for example, 

Fainberg and Stone [197**]. Plasma oscillations associated with type III 
bursts are described by Gurnett and Anderson [1976, 1977] and Gurnett 
et al. [1976*] . 

The volume emissivity, which is the power emitted per unit volume 
per unit solid angle, is a fundamental quantity which characterizes all { 

radio emission processes, including type III radio bursts. Because of 
the recent observations of electron plasma oscillations in association 

1 

with type III bursts it is now possible to conduct quantitative evalu- 

ations of various mechanisms for generating the radio emission. Since ■ 


1 


k 



little is known concerning the emissivity of type III hursts, parti- 
cularly in the low frequency range vhere direct comparisons with plasma 
oscillations are possible, it is the purpose of this paper to investi- 
gate the emissivity of some representative type III radio hursts. 
Particular attention will he given to the variation of the emissivity 
with heliocentric radial distance, since this variation can he directly 
compared with various generation mechanisms. 

The type III events analyzed in this study were obtained from the 
Earth-orbiting IMP 8 and ISEE 1 satellites. The plaBma wave instrumenta- 
tion onboard IMP 8 and ISEE 1 are described by Gurnett [197 1 *] and Gurnett 
et al. [1978b], respectively. 
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II. METHOD OP CALCULATING THE ENISSIVIT* 

The emissivity is calculated using the sun-centered coordinate 
system shown in Figure 1. The emissivity is defined as 


J « 


AP 

AVAw 


-3 -1 

watts a star 


U> 


where AP is the power radiated in volume AV into a solid angle Am. 

Since the angular distribution of the emitted radiation is not known, we 
will assume that the radiation is emitted isotropically (i.e. , Aw * Us). 

To determine J we measure the spectral power flux at the Earth and 

2 

compute AP using a 1/r law for the radial variation of the emitted 
radiation. The isotropy assumption and the simple propagation model 
used of course introduce an error, since any radiation propagating 
toward the sun will he reflected, thereby producing an anisotropy in 
the emitted radiation pattern. The error introduced is, however, at 
most a factor of two, which is small compared to the wide range of 
intensities observed from event to event. Also, the isotropy assumption 
does not affect the radial variation of the emissivity, since sources at 
all radial distances are treated equivalently. 

To compute the power AP the distance from the source to the Earth 
must be determined. Since the source position cannot, in most cases, be 
determined by direct measurement a simple model is used for the trajec- 
tory of the type III source. The source is assumed to follow the magnetic 
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field in the solar wind starting frost the flare location at the sun. 

The magnetic field model used is that of Parker [1958] : in the solar 
equatorial plane the magnetic field lines are Archimedian spirals* 
whereas in the meridian plane the field lines stay on a cone of constant 
heliographic latitude. The heliographic longitude of the associated 
flare* 4 Q » gives the heliographic longitude of the source region* +* 
through the Archimedian spiral equation 



( 2 ) 


Here u is the rotational velocity of the sun* V . is the solar wind 

sv 

velocity* taken as 400 km/sec, and R is the heliocentric radial distance 
to the source. R is related to the observed emission frequency using 
the emission level scale given by Fainberg and Stone [19TM» 

f « 66,8 R* 1, 315 MHz , (3) 


where f is the observed frequency of the type III burst and R is the 
heliocentric radial distance in solar radii. The position of the Earth 
above the solar equatorial plane is determined from a simple model for 
the Earth's orbit around the sun. 

From the measured radiation intensity, I* at the time of maximum 
intensity the power radiated from the source, AP, in frequency interval 


Af is calculated from 
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AP ■ (Uirr 2 )lAf » (V) 

where r is the radial distance from the source to the Earth (see Figure 
l). The volume of the source is determined by two factors, the angular 
site of the source as viewed from the sun, 0, and the radial thickness 
AR. Since the electrons which produce the radio emission closely follow 
the interplanetary magnetic field lines, the angular size of the source 
as viewed from the sun is essentially constant, independent of radial 
distance from the sun. Since it is often not possible to determine the 
source size because of geometric considerations, we have assumed a half- 
angle for the source of U 5 0 as viewed from the sun. The corresponding 
solid angle is 0 ■ 1.8U ster. This source size is comparable to the 
source sizes measured by Baumback et al. [1976] and Gurnett et al. 
[1978c], and is considered a reasonable estimate since both radio and 
charged particle measurements indicate that the source must be quite 
large. The relation of the radial thickness, AR, to the frequency 
interval, Af, can be determined from Equation 3» which gives AR/R * 

1.315 (Af/f). Combining all of these factors, the volume of the source 
becomes 

(5) 


AV 


0R 2 AR 


1.315GR 


3/Af. 


and the emissivity is given by 


J 


^1.315flR 



( 6 ) 
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Since the emissivity ia determined vising average values for the 
solar vind parameters and since significant deviations from the average 
parameters may occur in specific cases, the approach taken is to analyze 
a large number of events and compute an average best fit emissivity, 
thereby hopefully averaging out the variations vhich may be present in 
individual cases. Although the absolute emissivity is probably uncer- 
tain by about a factor of two, mainly due to the difficulty in esti- 
mating the angular size of the source, the radial dependence of the 
emissivity is much more accurately determined since most of the para- 
meters assumed are nearly independent of radial distance. 


j 

i 







III. RESULTS AND DISCUSSION 


i 

j 

Approximately 5 years of IMP 8 data and 1.5 years of ISSE 1 data 
| were surveyed for type III bursts suitable for analysing the emissivity. 

While type III bursts were frequently observed, two main factors limited 
the number of events used in this study: 1) clear burst maximums needed 

to be observed in at least three channels in order to give a reasonably 
accurate indication of the radial variation of the eaissivity; and 
2) for each event an associated solar flare had to be found in order to 
determine the trajectory of the source. Of a total of 117 events which 
shoved clear burst maxima 5 U had associated solar flares. Of these, 13 
events were common to both satellites. Restricting the study to helio- 
centric distances less than 1.0 AU eliminated 3 events while 2 events 
were eliminated as being inconsistent. Consequently, 36 events were 
suitable for analysis. Table 1 contains the date, onset time, and 
flare coordinates for each event. 

For each event the emissivity J was calculated as a function of the 
heliocentric radial distance R and fit to a power law of the form J ■ 

' J 0 R a . In most cases a power law provided a good least square fit to the 

»v 

radial dependence, al though in a few cases a substantial deviation ^ 

j from a power lav was observed. In all cases the power law index o was 

| negative, indicating a decreasing emissivity with increasing radial 

1 distance from the sun. Consult Table 1 for the derived J and o values. 

0 

| The distribution of the power law Indices obtained is shown by the 

f 
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histogram of Figure 2. The highest frequency of occurrence of a a falls 
in the interval from — U . C to -6.0, and the average value of all the 
indices measured it a > -6.0 i 1.9* The standard deviation of the mean 
is 0.3. Figure 3 shows a composite summary of the emissivity for all 
the events analysed. Points common to the same event are connected by a 
line. As can be seen, the emissivity varies over a large range from 
event to event. The dashed line shows the best fit of log J to log J Q R 
The best fit value for J Q is 1.5 x 10 -21 * watts master” 1 . 

It is clear from these results that the emissivity of low frequency 
type III radio bursts decreases very rapidly with increasing radial dis- 
tance from the sun, with an average power law index of about -6.0. This 
decrease in the emissivity must be related to a corresponding decrease 
in the plasma oscillation intensity with increasing radial distance from 
the sun. From the currently available evidence on type III radio bursts 
the dominant emission at low frequencies is thought to be at the harmonic, 
2f“, of the local electron plasma frequency [ Fainberg et al., 1972; 

Haddock and Alvarez, 1973; Kaiser, 1975* Gurnett et al., 1978c]. In all 
current theories for harmonic emission the essential dependence of the 
emissivity on the electric field strength, E, of the plasma oscillations 

It 

is J * E . Neglecting for the moment other weaker radial dependences, 

the R~^*° dependence of J would imply a R”^‘‘* variation of E with radial 

distance from the sun. This radial variation of the plasma oscillation 

-3 5 

intensities is not nearly as steep as the R dependence reported 
recently by Gurnett et al. [1978a]. However, the plasma oscillation 
intensities given by Gurnett et al. [1978a] sure based on so few points 
it is probably not possible to make a meaningful quantitative comparison 



i 



until more plasma oscillation events are analyzed. Such a study is 



i 

i: 
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currently under way. Nevertheless! it is interesting to note that the 
R -1 *^ variation implied by the above considerations agrees reasonably 
veil with what would be expected for the saturation amplitude of plasma 
oscillations in the solar wind. Saturation effects are usually character- 
ised by a dimensionless ratio of the electric field to plasma energy 
density, E /8irnkT, which reaches an approximately constant asymptotic 

value after the Instability has grown into the nonlinear regime. Since 

2 

the electron density varies approximately as n « 1/R , and the electron 

•*0 20 

temperature varies approximately as T * R [Hundhausen, 1972], the 

•lelU 

saturation electric field strength should vary approximately as E « R 
2 

if E /8irnkT is constant, which is very close to the radial dependence 
estimated from the emissivity. 


1 
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TABLE 1 


DATE 

OHSET TIME 
(UT) 

FLARE COORD! HATES 
(Heliographic) 

Jo 

V 

- ater 

a 

Dec. 23, 73 

0800 

816 

W35 

6.84 x 10-25 

- 5.8 

Jen. 18. 74 

0230 

H4 

W 65 

3.22 x 10-25 

-2.5 

Apr. 5, 74 

1800 

Sll 

W35 

5.73 x 10-25 

-4.4 

May 8 , ?4 

0100 

816 

E3 

2.57 x 10-26 

-4.5 

May 9. 74 

2300 

85 

W45 

1.41 x 10-26 

-5.3 

Sept. 18, 74 

0530 

H9 

W37 

2.17 x 10-25 

-5.4 

Sept. 18 , 74 

1130 

RIO 

V42 

2.16 x 10-25 

-5.2 

J«n. 4, 77 

1720 

822 

W 72 

1.47 x 10-23 

- 6.2 

Oct. 10 , 77 

2035 

H 6 

E10 

9.51 x 10-25 

- 6.8 

Hot. 22, 77 

1000 

H23 

W4l 

3.25 x 10-24 

-8.7 

Dec. 7, 77 

0330 

S 22 

W 16 

7.42 x 10-23 

-5.3 

Dec. 9, 77 

0650 

S24 

W4l 

2.48 x 10-26 

- 9.8 

Dec. 23, 77 

0630 

K23 

E 6 

8.93 x 10-28 

- 11.0 

Dec. 24, 77 

l84o 

H22 

vn.2 

2.10 x 10-25 

-7.6 

Jan. 6 , 78 

0730 

H35 

W4 

3.52 x 10-24 

-3.7 

Jan. 8 , 78 

0710 

812 

V 85 

2.92 x 10-25 

-5.6 

Feb. 11, 78 

1430 

Rl4 

E 6 

5.12 x 10-23 

- 8.5 

Mar. 4, 78 

1200 

HI 8 

E39 

4.88 x 10-24 

-9.3 

Mar. 12, 78 

0210 

H20 

W 69 

9.15 x 10-24 

-4.7 

Apr. 11, 78 

1410 

H 22 

W56 

5.06 x 10-23 

-4.4 

Apr. 18, 78 

0100 

HI 4 

W45 

6.10 x 10-22 

-5.6 

May 6 , 78 

1635 

H19 

W53 

2.20 x 10-24 

-5.1 

May 13, 78 

0750 

S28 

W 70 

1.90 x 10-23 

-5.6 

May 22, 78 

0200 

827 

V44 

1.96 x 10-21 

- 2.8 

May 31, 78 

1620 

H21 

V 56 

4.21 x 10-24 

-8.4 

Jun. 1 , 78 

1330 

H 21 

WIT 

1.81 x 10-22 

-3.8 

J«l. 1 , 78 

1145 

321 

E 65 

1.35 x 10-25 

-4.3 

Jul. 11 , 78 

1050 

S 20 

W 28 

2.95 x 10-24 

-5.9 

Sept. 8 , 78 

1815 

H15 

v64 

2.39 x 10-24 

-4.7 

Sept. 23, 78 

1010 

H34 

V 50 

5.01 x 10-23 

-4.6 

Oct. 5, 78 

1405 

818 

E4 

1.31 x 10-26 

-7.5 

Oct. 13, 78 

1235 

818 

HI 

7.29 x 10-25 

— 6.5 

Oct. 31, 78 

0915 

R 20 

H36 

2.70 x 10-26 

-7.3 

Dec. 18, 78 

1630 

Hll 

E17 

2.62 x 10-24 

-5.4 

Feb. 18, 79 

0650 

H19 

El 6 

7.57 x 10-27 

-7.8 

Feb. 18, 79 

1640 

H18 

H16 

5.77 x 10-24 

- 6.6 
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Figure 1 


Figure 2 


Figure 3 
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FIGURE CAPTIONS 

A perspective drawing shoving the geometry used to 
calculate the emissivity of a type III burst source 
region. The spectral power flux at the Earth gives the 
power radiated out of the source region and this together 
with the volume of the source region gives the emis- 
sivity. 

A histogram of the power lav indexes obtained from the 
36 events analyzed. The highest frequency of occurrence 
is in the interval -k.Q to -6.0, and the average index 
is -6.0 + 1.9* The standard deviation of the mean is 0.3. 

A composite plot of the emissivity for the 36 events 
used in this study. Points common to one event are 
connected by a line and the best fit power *av is shown 
by a dashed line. This plot shows that the emissivity 
decreases rapidly with increasing radial distance from 
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